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This thesis calculates the rate of hydrogen abstraction reactions and the mechanisms of nitrogen 
oxides (NOx and N2O) reduction, especially those relevant to the oxidation and pyrolysis of 
nitrogen-rich fuels such as biomass.  The dissertation firstly focuses on the interaction of 
hydrocarbons with the amidogen radical (NH2) and nitrogen dioxide (NO2), before analysing 
in detail the decomposition of ammonium nitrate (AN) both in gas and liquid media.  In 
addition to this, the moderation of nitrous oxide (N2O) and nitrogen oxides (NOx) via their 
reaction with a biomass surrogate of catechol was also studied.  The underlying aims of the 
study were to report the mechanisms and kinetic factors controlling the interaction of NH2 
and NO2 radicals with a wide array of hydrocarbons, then to map out the prominent reaction 
pathways prevailing in the decomposition of ammonium nitrate (AN) and conversion of N2O 
into N2 via dissociative adsorption onto a catechol moiety. 
 
Accurate quantum-mechanical calculations probed the hydrogen abstraction reactions from 
small aliphatic and aromatic hydrocarbons by NH2 and NO2 radicals.  Reaction and activation 
energies for all plausible hydrogen abstraction channels were executed with the accurate 
chemistry model of CBS-QB3.  Reaction rate parameters were obtained based on 
conventional transition-state theory, accounting for a plausible contribution from tunnelling 
effects and treating internal rotations as hindered rotors.  We established that a linear 
correlation existed between the strength of the C-H bonds (i.e., primary, secondary, vinylic, 
and benzylic) and the activation energies for H abstraction channels operated by NH2 and 
NO2 radicals.  Moreover, the meta-hybrid Density Functional Theory (DFT) of M05-2X/6-
311+G(d,p) levels elucidated viable systematic conversion routes of N2O into N2 via 
interaction with a catechol molecule.  Two theoretical methodologies were applied to study 
viii 
 
thermal decomposition of AN in gas and liquid phases.  A continuum solvation model 
density-polarisable continuum model (SMD-PCM) expounds the catalysing effect of water on 
AN thermal cracking.  The solvation model systematically predicts lower activation energies 
when contrasted with analogous gas phase values. 
 
An important part of the thesis investigates the potential of biomass constituents for the so-
called selective non-catalytic reduction of NOx into nitrogen molecules.  The laboratory-scale 
rig offers a continuous supply of carrier and reaction gases which run through a tubular 
reactor coupled with FTIR spectroscopy, micro-GC and a chemiluminescence NOx analyser.  
The consumption of the biomass surrogate (catechol) is analysed using a triple quadruple 
mass spectrometer (QQQ-MS) at temperatures starting from 400 °C.  Fine-tuning of 
experimental conditions encompasses residence time and inlet reactant mixing ratios.  Above 
800 °C, we report more than 80 % NOx reduction efficiency.  In summary, our findings 
throughout the thesis present previously unreported data and new insights pertinent to the 
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This chapter elucidates the thesis proposal, highlighting relevant research background 
followed by the research motivation, its significance and existing gaps in literature. This 
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1.1.  Background 
 
Fossil fuels such as oil, gas, and coal constitute more than ~80 % of the current world energy 















































Figure 1.1.  Global use of energy annually.  Unit of energy is one billion tonne of oil 




The use of solid fuels during combustion supplements energy demands at the expense of 
environmental contamination and becomes a source of airborne pollutants, especially of 
nitrogen-bearing compounds.  The most important pollutants are particulate matter, unburned 
hydrocarbons, carbon monoxide (CO), sulfur oxides (SO2), nitric oxide (NO) nitrogen 
dioxide (NO2), ammonia (NH3), nitrous oxide (N2O) and amines (R-NH2).  Figure 1.2 
provides an overview of the N-containing pollutants and their possible sources.  The use of 
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ammonium nitrate (NH4NO3) in mining activity generates NO and NO2 (collectively called 
NOx).  It is predicted that mining-related operations emit 5.0×10
4
 t N of NOx gases annually, 
as compared to the accumulative anthropogenic release of 41.3×10
4
 t N of NOx per year.
2
  
NOx is a potential cause of prominent environmental phenomena including photochemical 
smog, acid rain, and ozone layer depletion.  Likewise, N2O is a potent contributing factor of 
global warming.  Exposure to an elevated level of these gases causes serious health concerns 
for humans, as well as damaging the environment.
3
  An additional dimension to the adverse 
effect of NOx stems from the reactions of NO2 with olefins in the atmosphere, producing a 
variety of secondary hazardous compounds.
4
  NO2 is formed through the oxidation of NO, the 
decomposition of peroxynitrite, the reaction of nitric acid with hydroxyl radicals, and the 
reaction of NO with ozone.
5
  NOx gases, in general, are generated from the decomposition of 
nitro-containing explosives
6
 and from the combustion of nitrogen-containing solid fuels.
1, 7
  




The so-called selective non-catalytic reduction (SNCR) of NOx (NOxOUT, RapreNOx)
9
 also 
contributes to the overall inventory N2O formation.  As chapter 2 will elaborate in further 
detail, NH3 is a major product from the fragmentation of N-constituents in coal.  Central to 
the SNCR process are NH2 radicals, which are produced from the decomposition of 
hydrazine and all classes of amines triggered via radiolysis, photolysis, microwave discharge, 
pyrolysis, and combustion. SNCR utilises NH2 to convert NO into nitrogen molecules.
10
  So 
it is very insightful to follow the combustion chemistry of NH2 radicals because they act as 
principal chemical agents in nearly all SNCR processes.  From the above discussion, it 
becomes apparent that NH2/NO2 radicals coexist with hydrocarbons. 




Figure 1.2.  Overview of nitrogenous pollutant sources 
 
 
1.2.  Research motivation 
 
The underlying motivation behind the work in this thesis is the necessity to develop accurate 
thermochemical and kinetics accounts for chemical events pertinent to the reactions of 
NH2/NOx/N2O in thermal systems.  These operations encompass their reactions with 
hydrocarbons and their potential conversion into N2 via dissociative adsorption on selected 
surrogate molecules.  The most relevant thermal systems to the emission of N-bearing entities 




  The extensive use of NH4NO3 in mining 
operations
16
 has resulted in appreciable concentrations of NO with relatively lower amounts 
of NO2, and N2O.
14
  In fluidized bed combustion,
17




Chapter 1 ‒ Introduction 
5 
 
The chemical reactions of NOx formed by combustion
21-22
 and high energy density material
23
 
systems have been an area of intensive study for more than half a century.  Conversely, the 
reaction kinetics of NH2 and NO2 has received generally less attention compared with other 
nitrogenous species such as NH3 and HCN.  In this regard, the reactions of NH2 and NO2 
with hydrocarbon species occur largely through H abstraction channels rather than through 
addition at all temperatures.  The literature provides rather limited kinetic data that were 
restricted to a narrow range of operational temperatures and pressures.  The formation of a 
substantial level of N2O in NOxOUT processes has overshadowed the overall environmental 
merit of this NOx abatement technology.  The use of a biomass surrogate in the diminution of 
NOx was rendered to be effective as it readily reduces N2O into nitrogen in a facile non-
catalytic reaction.  Decomposition of emulsion-based explosives occurs both in the gas phase 
and liquid phase (i.e., prior to detonation). The reaction kinetics of the degradation of 
NH4NO3 in a liquid medium remains poorly understood, with the energy requirements for 
several key steps still not accurately determined.  
  
Chapter 1 ‒ Introduction 
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Figure 1.3 depicts the linkage of current dissertation goals with the respective thesis chapters. 
 
Figure 1.3.  Correlation of thesis aims with relating chapters. 
 
 
1.3.  Research aims 
 
The transformation chemistry of nitrogenous reacting species in the relevant chemical system 
and their underlying environmental implications can only be completely described when the 
underpinning reaction kinetics and mechanisms are well known and precisely calculated.  
Accordingly, this dissertation endeavours to: 
Chapter 1 ‒ Introduction 
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1. Conduct accurate quantum chemistry calculations to improve reaction energies and 
energy barrier values involving H abstraction from C1–C5 hydrocarbons by NH2 
radicals. 
2. Develop an interaction mechanism between NH2 radical and alkylbenzenes; a major 
fraction of commonly deployed transportation fuels such as diesel.  
3. Report kinetics of H abstraction by NO2 radicals from selected C1–C4 hydrocarbons, 
toluene, and ethylbenzene. 
4. Propose the mechanistic pathways and reaction kinetics for the conversion of N2O 
into N2, mediated by the biomass surrogate of catechol (C6H5(OH)2).  
5. Elucidate the decomposition mechanisms of NH4NO3 in both gas and liquid phases to 
map out reaction corridors and kinetics related under the conditions encountered 
during emulsion explosive decomposition. 
6. Investigate the potential reduction in NOx emissions initiated by its adsorption over 
catechol oxidative fragments using an experimental approach. 
 
 
1.4.  Thesis framework 
 
This thesis analyses in detail the interaction of hydrocarbons with NH2 and NO2 radicals 
coexisting in combustion and explosion processes, and the reduction of unwanted pollutants 
such as NOx and N2O with biomass representative compounds. 
 
Chapter 2 contains a comprehensive literature review pertinent to 1) the contribution of solid 
fuel combustion and mining-based NH4NO3 explosives to anthropogenic NOx formation; 2) 
the mechanism of NOx formation during combustion and detonation of NH4NO3, and 
Chapter 1 ‒ Introduction 
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sensitisation of emulsion explosives; 3) currently deployed NOx mitigation technologies and 
their efficiencies; 4) the reaction kinetics of hydrocarbons with NH2 and NO2 radicals 
prevailing in combustion, and an overview based on the available kinetics data for these 
reactions; and 5) the reaction pathway for the decomposition of NH4NO3 in the gas phase. 
 
Chapter 3 describes the research methodology applied and the theoretical background 
forming the basis of the quantum chemical calculations throughout the thesis.  In the second 
section, experimental setup and analytical instruments highlight the experimental approach 
utilised in chapter 9. 
 
Chapter 4 presents a systematic CBS-QB3 evaluation of the thermochemistry and reaction 
kinetics of direct H abstraction from C1–C5 hydrocarbons by NH2 radicals forming 
hydrocarbon radicals and NH3 as products.  We report an accuracy benchmark of the 
developed methodology by contrasting our calculated bond dissociation energies (BDE) with 
their analogous experimental values and by comparing computed standard reaction (ΔrHº298) 
and standard activation enthalpies (Δ⧧Hº298) for three selected reactions, with corresponding 
values estimated using composite chemistry models.  The obtained standard activation 
enthalpies display a linear correlation with bond dissociation enthalpies of the target C-H 
bond, mimicking an Evans–Polanyi trend.  The average ratio of kcalculated/kexperimental (k = 
reaction rate constant) for methane, ethane and n-butane remains between 1.1–1.5, within the 
temperature range of experimental measurements. 
 
Chapter 5 reports thermodynamic values and reaction rate parameters for the interaction of 
alkylbenzenes with the NH2 radicals present during pyrolysis of biomass.  We map out 
energy profiles for H removal from the alkyl side chains in toluene, ethylbenzene and n-
Chapter 1 ‒ Introduction 
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propylbenzene, in addition to attachment of NH2 at the four available positions of the phenyl 
ring in toluene and ethylbenzene.  Abstraction of benzylic H from alkylbenzene is the 
favourable reaction pathway as it has the weakest C‒H site at all temperatures except for 
benzylic H in ethylbenzene.  The abstraction reaction overrides the additional channels for 
toluene and ethylbenzene at all temperatures.  We observe a minimal influence of the length 
of the hydrocarbon chain on the computed activation and reaction enthalpies. 
 
Chapter 6 describes the formation of three different types of nitrous acid isomers (trans-
HONO, cis-HONO, and iso-HNO2) from the removal of H from hydrocarbons with NO2 
radicals.  A precise computational method (CBS-QB3) gauges the thermodynamic and 
reaction kinetics of H abstraction from C1‒C4 aliphatic saturated and unsaturated 
hydrocarbons and aromatic hydrocarbons (ethylbenzene) with NO2 radicals.  We found that 
cis-HONO production is more kinetically feasible in reference to iso-HNO2 and trans-HONO 
isomers based on lower Δ⧧Hº298 values.  The investigated sites included H abstraction of the 
tertiary C‒H site in iso-butane, the allylic C‒H bond in propene and the benzylic C‒H site in 
ethylbenzene. 
 
Chapter 7 investigates the non-catalytic reduction of N2O using a biomass representative 
compound, catechol.  In this chapter, we develop implicit reaction mechanisms for all 
channels involved in the interaction between a catechol molecules and N2O.  We propose 
three initial reaction corridors for N2O: (1) 1,2-cycloaddition of N2O to the aromatic ring; (2) 
abstraction of an O atom from N2O by catechol; and (3) the removal of hydroxyl’s H atoms 
from catechol by N2O.  The reaction channel (1) was found to be the dominant reaction 
pathway. 
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Chapter 8 investigates the thermal decomposition of NH4NO3 appearing concurrently in gas 
and liquid phases similar to the real scenarios encountered in explosive emulsions.  We report 
kinetic rate parameters for all reactions leading to the formation of nitrogen molecules from 
thermal decomposition of NH4NO3 in the gas and aqueous phases, using very accurate 
theoretical frameworks.  We employed the solvation model and explicitly added water 
molecules to present aqueous medium reactions.  Additionally, we attempt to identify the 
catalysing effect of water molecules on the decomposition of NH4NO3.  Our findings reveal 
that NH4NO3 decomposition in an aqueous medium systematically requires lower activation 
enthalpies compared to its decomposition in the gas phase. 
 
Chapter 9 reveals the mitigation of NO under conditions relevant to fuel reburning processes 
using biomass surrogate (catechol), elucidating the N-conversion profiles, and NOx reduction 
efficiency as compared to conventional hydrocarbon fuels.  The results indicate that 
hydrocarbons from catechol oxidation convert NO into N2 via the formation of hydrogen 
cyanide. 
 
Chapter 10 presents some concluding remarks and highlights suggestions and 
recommendations for future investigations. 
 
Finally, Chapter 11 provides all necessary supplementary information. 
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This chapter presents a comprehensive overview of the formation of NOx, HCN, NH3 and N2O and its 
mitigation, as well as the energetics and reaction kinetics of the intermediate radical (NH2) and NO2 
radical formed during combustion of solid duels and AN. 
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2.0.  Abstract 
 
Energy generation from fossil fuels and the ever-increasing utilisation of high energy density 
materials for mining operations have some severe environmental implications.  The 
environmental burden of these thermal processes is mainly characterised by the emission of a 
wide array of pollutants, most notably nitrogen-bearing gases such as nitrogen oxide (NO) 
and dinitrogen oxide (NO2) – collectively called NOx – and the potent greenhouse gas, N2O. 
 
This review analyses the sources contributing to the emission of nitrogen-containing 
pollutants, mainly NOx, N2O, ammonia (NH3), hydrogen cyanide (HCN), and the 
intermediate amidogen radical (NH2), from solid fuel (coal and biomass) pyrolysis and 
combustion, as well as from the decomposition of ammonium nitrate (NH4NO3) – an 
important chemical gassing agent of emulsion explosives. 
 
We reiterate the kinetics and mechanistic parameters pertinent to the formation of reactive 
nitrogenated intermediates and stable-end products from the combustion of coal/biomass and 
detonation of NH4NO3.  We review the mitigation technologies for NOx with a focus on 
selective catalytic and selective non-catalytic operations, as well as subsequent N2O 
generation from chemical reactions that function to abate NOx gases.  Here, we present a 
comprehensive account of the reaction kinetics and energy profiles of the NH2 and NO2 
reactions with co-existing hydrocarbons which prevail in the combustion of coal/biomass and 
in the course of the fragmentation of ammonium nitrate fuel oil (ANFO) explosives.    
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2.1.  Background  
 
The anticipated depletion of fossil fuels and environmental pollution associated with 
combustion has, in general, stemmed a global interest in renewable and alternative energy 
resources.  Nitrogen oxide (NO) and nitrogen dioxide (NO2), collectively called NOx gases, 
have been identified as acid rain contributors as well as global warming gases that impose 
hazards on the environment.  Thermal treatment of coal/biomass is the chief anthropogenic 
contributor to the emission of NOx.
1-2
  NOx evolves majorly from fuel-bearing nitrogen (fuel-
N) in the coal matrix, with minor participation from molecular nitrogen in air.
3
 Similarly, the 
combustion and pyrolysis of biomass fuel forms NOx through thermal reactions from the 
fragmentation of N-constituents in biomass structural entities.
4
  While biomass generally 
contains a lesser amount of fuel-N, the wide use of biomass as a renewable source of energy 




High energy matrices, such as ammonium nitrate as emulsion, slurries and blend of 
ammonium nitrate with fuel-oil, are used extensively in mining, tunneling and several other 
civil infrastructure processes.  Ideally, detonation of these commercial nitrogen-bearing 
energy materials forms carbon dioxide (CO2), nitrogen (N2) and water vapors (H2O);
6-7
 
however, poor mixing conditions and turbulent flow regimes during detonation facilitates the 
formation of incomplete combustion products, most notably carbon monoxide (CO), NO and 
NO2, as well as the potent greenhouse gas, N2O.
6-11
  The release of toxic gases in the vicinity 
of populated areas requires immediate approaches for abatement; for example, NO2 reacts 
with water vapour to form nitric acid, which seeps through soil into ground the water making 
it more acidic.  The aforementioned gases pose serious health effects for mine workers.  
Mining operations in Australia pose particular health and environmental risks due to the 
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generation of NO2 gases (often in visible orange clouds) immediately after blasts. NO2 is 





Here, we describe the nitrogenous compounds formed from biomass and coal combustion and 
NH4NO3 decomposition and detonation.  We summarise the combustion systems of coal and 
biomass fuels, with a focus on the chemical reactions that lead to NOx and N2O formation 
from the nitrogen present in these fuels.  We report the literature on levels of NOx, N2O, NH2, 
NH3, HCN, NH4NO3 and HNO2 in combustion and atmospheric media under various 
operational conditions.  Next, the mechanism of NOx formation is discussed in detail. Moving 
on, the NOx mitigation technologies efficiency is illustrated, focusing on the mechanism of 
NOx reduction.  In the subsequent section, the NH4NO3 decomposition and detonation 
chemistry is elaborated to reveal chemical phenomena contributing to the formation of NOx, 
N2O and NH2 radicals.  This is followed by a survey of currently deployed technologies that 
aim to reduce emissions of NOx from the detonation of NH4NO3 -materials. Finally, we 
present reaction kinetics of NH2 and NO2 radicals with selected hydrocarbons. 
 
 
2.2.  Combustion technologies 
 
Solid fuel combustion systems mainly encompass fluidised bed combustion (FBC), 
pulverised fuel combustion (PFC) and combustion on grates (GC).  Table 2.1 exemplifies the 
commonly used energy sources in combustion processes.  Pulverised fuel combustion is the 
most widely used combustion technology due to high levels of reliability and its ability to 
operate on all coal ranks; however, production of NOx and particulate emissions compromise 
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its advantages.  Fluidised bed combustion is favoured over PFC due to its high heat transfer, 
increased combustion performance and low NOx generation.  Contrarily, increased levels of 
N2O and solid residue emissions are the primary concerns of the FBC combustion method.  
Biomass energy sources are burned in GC furnaces.  Over the last decade or so, substantial 
research has focused on gaining a better understanding of nitrogenous pollutants and their 





Table 2.1.  Amount of nitrogen in commonly deployed solid fuels.
13
 
Energy sources % w of nitrogen 
Coal  0.5-2.5 
Peat 0.5-2.5 
Wood 0.03-1.0 
Straw  0.3-1.5 
Paper  0.1-0.2 
Tires 0.3 
Household waste 0.1-1.0 
Sewage sludge 2.5-6.5 
Other agricultural residue 0.4-3.5 
 
Attempts to reduce emission of harmful NOx gases in combustion systems require detailed 
understanding of the chemical events that dictate their transformations, destruction and 
formation under the conditions encountered in real combustion scenarios.  A great deal of 
fundamental and applied research has provided comprehensive mechanisms of NOx 
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formation and decomposition, with a focus on various factors that underpin their final yields 
in thermal systems.  In this review, we focus on the formation pathways of NOx gases from 
several structural precursors.  A special emphasis is placed on NOx reduction methodologies 
focusing on the nitrogen chemistry and related unwanted by-products. 
 
 
2.3.  Nitrogenous combustion and atmospheric pollutants 
 
Apart from NOx gases, combustion processes lead to the formation of a wide array of 
incomplete combustion products (ICPs); mostly CO, unburned hydrocarbons and volatile 
organic compounds (VOCs)
14-17
 that are deposited into the atmosphere at an alarming rate.  
The participation of these pollutants towards forming acid rain and photochemical smog, and 
stratospheric ozone destruction, is one of the motives for the extensive focus on NOx and 
VOCs.  In addition, these chemical moieties have explicit adverse effects on human health 
because of their existence in the tropospheric ozone and adsorption on fine particulate 
matter.
18
  Atmospheric concentrations of nitrate and ammonium have been studied broadly at 
the global level.
19
  Table 2.2 illustrates the trace amounts of NOx, N2O, NH3, HCN, NH4NO3 
and nitrous acid (HNO2) in a typical atmospheric environment. 
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Table 2.2.  Trace gaseous nitrogen species in the atmosphere. Value reported from Kramlich 
and Linak.
20
 (Further adapted from Levine)
21-22
 
Species Concentration level 
NOx 0‒1 ppb, Tropospheric 
0.02 ppm, Stratospheric 
N2O 310 ppb 
NH3 0.1‒1.0 ppm 
HCN 200 ppt 
HNO2 0.1 ppt 
NH4NO3 10 ppt 
 
Anthropogenic NOx emissions – according to United State (US) emissions – is 23 million 
tonnes, where 45 % and 55 % stem from mobile and stationary sources, respectively.  The 
typical atmospheric  NOx concentration resulting from gas, coal and oil combustion resides 
between 25‒150 ppm, 200‒1000 ppm and 60‒1000 ppm, respectively.
23
  Considering the 
nitrogenous pollutants, NH3 is the most copious alkaline atmospheric gas that neutralises 
acidic gases (SO2 and NOx) and forms atmospheric aerosols (ammonium sulphate, etc.).
24-25  
The most commonly discussed sources of NH3 are biomass burning, fossil fuel combustion, 
agricultural crops, synthetic fertilisers and volatilisation from animal waste.
26-28
  Synthetic 
fertilisers and agricultural crops contribute significantly to the inventory of NH3, up to 9 Tg 
NH3-N per year into the atmosphere globally.
29
  The dominant natural and anthropogenic 
contribution is from domestic animals (40 %), at 32 Tg NH3-N per year.
30-31
  The 
contribution of biomass burning and fossil fuel combustion is 5 Tg NH3-N per year and 2 Tg 
NH3-N per year, respectively.
29, 32
  Ammonia released from anthropogenic and natural 
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sources participates in atmospheric reactions (e.g. gas-to-particle conversion) and is 




Among the atmospheric organic compounds, alkaline gases are volatile amines (R-NH2).  In 
particular, the gaseous aliphatic amines have the potential to progress acid-base reactions to 
form salt particulates in the presence of atmospheric acids.
34
  The concentration of amines 
reaches as high as 14‒23 % of the total NH3 content in the atmosphere.
35
  These amines can 
undergo reactions with atmospheric NOx to produce secondary organic aerosols; for example, 
carcinogenic nitroso-amines results from the photo-oxidation of amines by NOx.
36
  The origin 
of amines in the atmosphere is linked with combustion and biomass burning, geological 
sources, vegetation, oceans, pesticides, indoor textiles, automobiles, tobacco smoke, sewage, 
cooking and biodegradation of organic material.
37
  Biomass burning produces C1‒C5 
amines
38-39
 and may also generate large molecules of alkyl-amide.
40
  The standard level of 
atmospheric amines is nearly 1–2 orders of magnitude lower than that of NH3.
41
  Concentration 
levels of amines in the atmosphere depend on varying parameters, making it very difficult to 
acquire accurate and consistent measurements.  The contribution of global emissions of total 
alkylamines (methylamine, diethyl amine and triethylamine) in the atmosphere amounts to 285 ± 





As elaborated above, NOx formation has been the subject of several laboratory-scale, pilot-
scale and full-scale combustion systems experiments.
43-44
  These studies have reported 
temperature history profiles for the emission of nitrogenated pollutants in the form of NO, 
N2O, NO2, NH3, HCN and iso-cyanic acid (HCNO) from the combustion of biomass and 
coal.
5, 45-48
  As coal and biomass incur different fuel-bound nitrogen speciation, the 
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underlying formation methods for HCN and NH3 are distinct and depend on the fuel type, 
heating rate, pyrolysis, and temperature; for instance, NH3
49
 is produced from the pyrolytic 
decomposition of biomass, while only a small amount of NH3 is generated from the 
combustion of coal.
44, 50  Pyrolysis of bituminous coals under a high rate of heating produces 
mainly HCN, while pyrolysis of low-ranking coals, peat and bark yields significant amounts 
of NH3.  Ammonia results from coal and biomass under a low heating rate.  The formation of 
NH3 is also linked with the source of nitrogen.  In biomass, NH3 is released from amino 
groups and amides while quaternary nitrogen (especially in low-rank coal) generate NH3.
13
  




 result in the formation of HCN from their volatile 
components.  Table 2.3 itemises the emission factors of selected N-containing gaseous 
species from different types of biomass burning and charcoal burning. 
 
Table 2.3.  Emission factors of selected N-containing gaseous species from different kinds of 
biomass burning.
51
  Values are reported in gram species per kilogram of dry biomass burned. 
 NOx N2O NH3 HCN 
Savanna and Grassland 3.9 0.21 0.6‒1.5 0.03 
Tropical forest 1.6 0.20 1.30 0.15 
Extra tropical forest 3.0 0.26 1.4 0.15 
Biofuel burning 1.1 0.06 1.30 0.15 
Charcoal making 0.04 0.03 0.09 0.15 
Charcoal burning 3.9 0.20 1.30 0.15 
Agricultural residue 2.5 0.07 1.30 0.15 
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Combustion region conditions, such as the fuel/oxygen ratio and temperature, primarily 
determine the extent of the formation of the abovementioned nitrogen moieties; for example, 
NO2 signifies 10 % of the total NOx content in typical CH4/air flames, while the amount rises 
to a significant level of 90 % of the total NOx at a low temperature.
52
  Pre-mixed flames cause 
NO2 formation which describes purely the fluid dynamic behavior of NO2 in the flame zone.  
Also, the transformation of NO into NO2 occurs in the mixing region, where combustion 
gases at high temperature mix with the inlet air.
53-54
  In conventional combustion processes at 
elevated temperature, N2O is released in the early stages of flame from fuel-N and is 
subsequently reduced or destroyed.  In fluidised bed combustion, along with injection of NH3 
in off-gases, formation of N2O is observed under medium temperature regions.
20
  More 
details of the N2O formation are given in section 2.6. 
 
 
2.4.  Sources and formation mechanism of NOx 
 
The key channels operating in NOx release during combustion fall into three main categories: 
1) thermal, 2) prompt, and 3) fuel NOx mechanisms.  The contribution of NOx in biomass 
combustion is linked to the transformation of fuel-N.
4
  Thermal and prompt NOx mechanisms 
are relevant at an elevated temperature, and this temperature is rarely achieved in biomass 
combustion.
13
  The thermal NO mechanism denotes the formation of NO from the oxidation 
of molecular nitrogen at a high temperature.  Intuitively, the contribution of NO in the low 
NOx burner is insignificant. 
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2.4.1.  Thermal NO 
 
Thermal NO is released from the oxidation of atmospheric nitrogen at a high temperature 
under fuel lean conditions.  Significant formation of thermal NO is observed at temperatures 
above 1500 
o




 demands a 
high operating temperature for nitrogen atoms that are further oxidized into NO.  Zeldovich
56
 
explained the formation of so-called thermal NO based on the following sequence of 
reactions: 
 
O + 2N ⇌ NO +N         R2.1 
N + O2 ⇌ NO + O         R2.2 
 
Under fuel-rich flame conditions,
57
 the reaction of atomic nitrogen with hydroxyl groups via 
the so-called Zeldovich mechanism assumes critical importance. 
 
N + OH ⇌ NO + H         R2.3 
 
The above reaction pathway accounts for the effect of O2 and OH radicals on NO formation. 
Owing to the presence of these radicals, thermodynamic equilibrium calculations predict an 
NO concentration that underestimates the actual NO concentration.
58-59
  The adjustment of 
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2.4.2.  Prompt NO 
 
The rapid formation of NO in the combustion zone from the reaction of hydrocarbons with 
atmospheric nitrogen is termed the prompt NO pathway.  The most prevailing reaction is 
R2.4, with a negligible contribution from reaction R2.5. Depending on the experimental 
conditions, the formed HCN can be oxidised to form NO and N2.  Unlike the thermal NO 





CH + N2 ⇌ HCN + N         R2.4 
CH2 +N2 ⇌ HCN + NH        R2.5 
N + OH ⇌ NO + H         R2.3 
 
Numerous experimental studies have shown that NO production rates in the combustion zone 
were inconsistent with NO formation in the post combustion zone.  In fact, the rate of NO 





 and other studies
64, 66
 support the conclusion of an increased rate of 
NO formation in the combustion flame compared to the post combustion zone.  This 
noticeable increase was attributed to the prompt NO pathway.  The prompt NO pathway is 
more favorable in fuel-rich combustion zones (staged coal combustion) and contributes 
minimally to overall NOx formation under the fuel-lean conditions of the practical 
combustion systems.  Overall, the favorable parameters for prompt NO formation are cooler 
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2.4.3.  Fuel-NOx 
 
Fuel NOx is the dominant (~80 %) formation pathway in flames containing fuel-N. For coal, 
the major contribution of NOx comes from char combustion, while devolatilisation of 
biomass contributes majorly to NOx release from fuel-N.  In stationary combustion, the 
emission of NO from fuel-bound nitrogen signifies an important source of NOx emission. 
68-69
  
The abundant N‒H and N‒C bonds in nitrogen-containing fuels account for the ready 
formation of fuel NO compared to thermal NO that comes from the thermal breakdown of the 
triple bond in molecular nitrogen.
70
  For bituminous coals at high temperatures, HCN or soot 
nitrogen stems from tarry volatile-N compounds.  Conversely, biomass and low-rank coal 
releases small nitrogenous moieties (HCN, HNCO and NH3) directly into the combustion 
environment. NO formed from the homogenous oxidation of HCN through intermediary 
reaction pathways may be transformed into N2 depending on the NO concentration.  Figure 
2.1 portrays the conversion of HCN (from fuel-N) into NO and N2.   
 
 
Figure 2.1.  Reaction scheme for the conversion of HCN (from fuel-N) into NO and N2. 
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Heterogeneous oxidation of char-N and soot-N produces NO and N2.  Subsequently, the 





For fuel-lean conditions (more air than fuel, λ > 1.0): 
HCN + O2 → NO + …        R2.7 
NH3 + O2 → NO +….         R2.8 
 
For fuel-rich conditions (more fuel than air, λ < 1.0): 
NO + HCN → N2 +…        R2.9 
NO + NH3 → N2 + …         R2.10 
 
Experimental results have shown that the formation of NO from fuel nitrogen is rapid in the 
flame zone and decreases in the post flame region (flame rich).  This result indicated that, the 
oxidation reactions of nitrogen-containing compounds, forming NO, are comparable to 
combustion reactions .
72
  A Pioneering study by Fenimore et al.
73
 on NH3 oxidation revealed 
that, NO is formed through irreversible reactions of oxygen and NH3, assuming a faster 
reaction rate constant compared to the reaction of oxygen with hydrogen.  Furthermore, in jet 
stirred combustion, the rapid conversion of NO more than the equilibrium concentration was 
reported during the investigation of numerous nitrogen-bearing compounds in NO 
generation.
74
  Moreover, excess NO was formed during coal combustion when different 
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The above experimental studies confirmed the formation of rapid NO from nitrogen-
containing fuel; i.e., NO formed by the reaction of oxygen with nitrogen-containing 
fragments of parent compounds. This results in a non-equilibrium concentration of NO in the 
combustion region due to non-equilibrium radical concentrations (O and NO) in the 
combustion zone. 
 
2.4.4.  Nitrogenous compounds conversion in coal and biomass combustion 
 
The amount of chemically-bound nitrogen in coal resides between 0.2 and 2.5% by dry 
weight.  As explained above, combustion leads to the formation of NO from the oxidation of 
fuel nitrogen.  The type of coal and temperature determine the total volatile nitrogen contents; 
for example, due to the fast release of water and light components in early stages of 
devolatilisation, the fractional nitrogen release is slower than the fraction mass release and 
the initial release of carbon.
76
  For the medium rank coal, the rate of nitrogen and mass 
fractions are equivalent.
77
  For high rank bituminous and anthracite, the fractional release of 
nitrogen is higher than the mass release.  The temperature variation during combustion, char 
chemistry and the chemical structure of the coal are the main contributing factors towards the 
rates of nitrogen release.  It is generally anticipated that the rate of nitrogen release is 




The transformation of nitrogen-containing compounds during coal and biomass pyrolysis has 
been addressed in detail.  For coal, at a higher temperature, nitrogenous compounds are 
readily converted into pyridinic-N and quaternary-N.
79
  Volatiles from pyrolysis of coal 
containing intermediate N-species generate HCN, and stable Char-N forms NH3.
44
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Figure 2.2 depicts the general pathways in combustion processes where nitrogen-containing 
pollutants originate from fuel-N conversion.  Biomass and coal contain different nitrogen 
species.  In coal, hetero-atomic rings such as pyrolic and pyridinic nitrogen are major 
nitrogen functionalities.  In biomass (cellulose, hemi-cellulose and lignin), nitrogen majorly 
exists in proteins
80
 and is partitioned into alkaloids, porphyrin and chlorophyll.
81
  During 
pyrolysis, some of the fuel-N evaporates and becomes part of the volatile gases; the rest is 
retained in the solid char that is subsequently emitted during combustion or gasification.
82  
The distribution of fuel-bound nitrogen during pyrolysis displays sensitivity to many 




 and particle size,
84
 while the heating rate
85
 
contributes only minimally.  Kelemen et al.
79
 studied the pyrolysis of coal and suggested 
that at higher temperatures, nitrogenous compounds are converted into pyridinic-N and 
quaternary-N compounds.  Tan et al.
44
 explained that the volatiles from pyrolysis of coal 
contain intermediate N-species that generate HCN and stable Char-N form NH3. Choi et al.
86
 
reported the nitrogen-containing heterocyclic species from the pyrolysis of amino acid 
monomers.  Biomass constituents have pronounced analogous effects on the release of 
nitrogenated species during pyrolysis.  For instance, Chen et al.
5
 conducted co-pyrolysis of 
amino acids with lignin and proposed the conversion of nitrogen compounds from lignin.  
Similarly, it was found that cellulose enhances the conversion of nitrogenous moieties into 
bio-oil.  Hemicellulose impeded NH3 production from co-pyrolysis of hemicellulose with 
amino acids – the work done by Ren et al.
87-88
 




Figure 2.2.  Simplified reaction scheme for the production of nitrogen-bearing pollutants in 
coal combustion. 
 
2.4.5.  Volatile nitrogenous species  
 
2.4.5.1.  Coal 
 
Volatile nitrogen is primarily released as HCN and NH3 species during devolatilisation.  
Under pulverised coal combustion, nearly 20‒40 % of coal nitrogen is converted to NO while 
the remainder is eventually transformed into N2.
89-90
  The higher concentration of NH3 is 
detected under more oxidative environments, such as the oxidation of char or during high 
temperature gasification of low rank coals
91-92
.  The amount of HCN and NH3 formed 
Chapter 2-Literature Review 
30 
 
depends on the local stoichiometry.
93
  Combustion of coal may evolve small amount of HCN 
from the total nitrogen compounds but in the absence of oxygen, other nitrogen compounds 
are converted to HCN.
94
  Under the presence of fuel-rich and nitrogenous compounds, HCN 
emerges as a major product. Furthermore, fuel-N primarily exists as HCN near the 
combustion zone.
89-90, 95-96
  In an attempt to simulate fuel-N, nitrogenous compounds were 
added into combustion gases.  It was found that the conversion of fuel-N to NO at elevated 
temperatures of 147‒2027 
o
C does not depend on the type of compound added; rather, the 
combustion environment plays a major role.  The foremost and imperative intermediates 
during the transformation of fuel-N are HCN, NH, NH2, and NH3.
62, 97
  Hydrogen cyanide 









 have illustrated the series of reactions of NH2 that leads to the formation of NO and 
N2.  In a system with stoichiometry ratios higher than 0.70, HCN was reported to decay from 
high to low concentrations under stoichiometry ratios less than 0.70. HCN was found to have 
formed, presumably according to the reaction (NO + CxHy= HCN + …).
98-99
  Under fuel-lean 
conditions, the amount of NO exceeds that of NH3 and HCN.  An opposite trend prevails 
under fuel-rich conditions.
94-95, 100-101
  In addition, a higher amount of HCN is linked to 




2.4.5.2.  Biomass 
 
Thermal treatment of biomass drives increased O and OH radical pools and more volatiles 
compared to coal, due to higher O/N ratios.  The most important biomass pyrolytic N-
fragments are NH3, HCN and HCNO, which serve as potent precursors for the formation of 





  Parameters such as final temperature, heating rate, fuel type and particle size govern 
the branching of biomass fuel-N degradation into volatiles (homogenous reactions) and char-
N (heterogeneous reactions).  The volatile formation takes place via a complex series of 
reactions that encompasses decomposition, substitution and hydrogen transfer reactions.
102-103
  
Figure 2.3 portrays the temperature windows for the synthesis of the dominant volatile 
species (HCN or NH3) from biomass burning. 
 
The yield of nitrogen-containing fragments seems to depend on the morphology of biomass 
particles in which relatively large biomass particles give small ratios of HCN/NH3 and 
HNCO/HCN.  High temperatures promote increased HCN during biomass pyrolysis.47, 104  
The cracking of heterocyclic and nitrogen ring molecules is enhanced in the presence of 
oxygen.  The largest fraction of nitrogen in this scenario is converted into HCN. In pyrolysis 
of biomass-N, carbon dioxide reduces the formation of HCN and HNCO while enhancing the 
formation of NH3.
81, 104-106
  Hydrogen chloride (in agriculture biomass) promotes the 
formation of HCN and HNCO, and reduces NH3 formation. The product distribution 
characterisation from biomass pyrolysis is also influenced by the minerals present in 
biomass.
107-108
  For example, potassium increases the formation of HCN, NH3, NO and 
HCNO at relatively low temperatures.  Conversely, the inclusion of calcium retards the 
formation of HCN, NH3, NO and HCNO at 330 
o
C but favours their formation at high 
temperatures.
103
  Iron, silicon and aluminium display a similar influence on nitrogen 








Figure 2.3.  Nitrogen transformation from thermal degradation of notable categories of 





2.5.  NOx control and reduction methods 
 
Conventional NOx control technologies are classified into pre-combustion strategies and post-
combustion techniques.  Pre-combustion methods incorporate burner design, flue gas 
recirculation, air-staging, over-fire air, fuel-staging, reburning, and advanced reburning.  In 
total, combustion modifications and over-fire air can reduce ~23 % (average basis) of NOx 
formation.  Furthermore, the use of a low NOx burner and natural gas reburning showed a ~51 
% reduction efficiency.  For post combustion treatment of NOx, selective catalytic reduction 
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(SCR) and selective non-catalytic reduction (SNCR) are the most commonly deployed 
technologies.  The combination of both these methods is also in use. SNCR is generally 
viewed as a cost effective method of NOx reduction compared to the SCR method.  The 
reduction proficiency of SNCR attains a value of 43 % while SCR displays up to 78 % NOx 
reduction performance.
110-111





NO can also be reduced to N2 by both heterogeneous and homogeneous reactions.
113
  The 
low-NOx burner aimed to provide a fuel-rich zone that favours homogenous NO reduction.
71
  
Under fuel-rich conditions and more nitrogenous species conditions, a deficient oxygen 
concentration generally produces less NO release.  
 
2.5.1.  Reburning 
 
The process of NO emission reduction by the addition of hydrocarbon fuel into the exit of the 
combustion chamber operated at a lower temperature is termed as “reburning”.  Wendt et al. 
114
 pioneered the reburning technology.  This technology provides a fuel-rich region which 
promotes the formation of CHi radicals that react with NOx to form nitrogen molecules 
through HCN
115-118
, as depicted in Figure 2.4.  The effective yield of energy from fuel in the 
primary region also generates NO through the enrichment of OH and O radicals.  The 
reburning region basically operates to reduce NO concentrations: under excess fuel 
conditions, it forms short chain hydrocarbons (open and closed shell species) that promote 
NO mitigation via reactions R2.11 and R2.12.
62, 118-120
  




Figure 2.4.  Overview of reburning technology for NOx diminution. 
 
At the exit of the combustion region, the burnout process ensures the complete combustion 
process and lessens the formation of nitrogen pollutants and NO release: 
 
NO + CxHy → HCN + …..        R2.11 
HCN + O/OH → N2 + …..        R2.12 
 
Wendt considered the below reaction (R2.13) as a crucial pathway for NOx destruction:
121
 
NO + NHi → N2 + ……        R2.13 
 
The efficiency of the reburning technology primarily depends on the temperature-profiles of 
the chemical species (N-compounds, carbon monoxide and hydrocarbons) as well as the 
process conditions (temperature, pressure, time and stoichiometry).  The reduction of NO is 
optimum in a narrow range of temperatures (just below 1200 
o
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The literature reports several reburning additive fuels, such as natural gas, oil, gasified 
biomass, micronised coal, polymers, pulverised coal and reburn fuel, the same as primary 
fuel.  At high temperature reburning (above 1300 
o
C), surrogates of fossil fuel (for example, 
methane, ethane and a mixture of small hydrocarbons) have been employed for the reduction 
of NO, while for low temperature reburning, C1‒C4 hydrocarbons have been tested.  It has 
been generally shown that reburn fuel carrying higher concentrations of hydrocarbons 
promote higher amounts of HCN that are further oxidised back to NO before the burnout 
region.
93, 117, 127-129
.  Natural gas (15‒25 %) displayed a NOx reduction efficiency of up to 67 
%.
121
  It has been shown that hydrocarbons, N-compounds and carbon monoxide are 
important agents of NO reduction during reburning, and natural gas is found to be an 
effective reburn fuel in most studies.
130-131
  The fuel reburning mechanism for NO reduction 
is explained comprehensively in section 2.5.5. 
 
2.5.2.  Air staging 
 
Another method for the reduction of NO is air staging, which divides the combustion air into: 
 A primary zone that runs with a deficiency of air; and  
 A second burnout zone that runs under excess air; this method tends to minimise NOx 
formation by decreasing the concentration of O2, O and OH (promoters of NO 
formation). 
 
Several investigations show the strong influence of stoichiometry and residence time (1 s‒2 
s) depending on the type of coal.  In a deficiency of air, NO concentrations are reduced and 
NH3 and HCN are typically formed.  In the case of a bituminous coal, both NH3 and HCN 
were measured under fuel-rich conditions, revealing HCN in higher concentrations; in the 
Chapter 2-Literature Review 
36 
 
case of brown coal, NH3 is much more predominant than HCN.  As is the case in reburning, 





In both reburning and air staging, gas-phase hydrocarbon reactions with NO append the 
formation of HCN in the fuel-rich region.  Hydrocarbon radicals (CHi) and amine (NHi) 
radicals play key roles in the mechanism of NO diminution in the fuel-rich region of 
reburning and air staging technology via the following two reactions: 
 
NO + NHi → N2 + products i = 0, 1, 2      R2.14 
NO + CHi → HCN + products i = 0. 1, 2      R2.15 
 
2.5.3.  Selective non-catalytic reduction of NOx 
 
The selective non-catalytic reduction technique incorporates the injection of selective 
reagents into flue gases in the post combustion chamber between the temperature ranges of 
875‒1175 
o
C for the reduction of NOx.  Figure 2.5 displays a general overview of the SNCR 
NOx mitigation operation.  This technology is catalyst-free and can be coupled with other 
NOx emission technologies.  The ease of installation, and lower capital and operating cost 
renders it a more cost-effective option as compared to SCR.  The majorly deployed chemical-
injected species include ammonia (DeNOx), urea (NOxOUT)
137









Figure 2.5.  General representation of the selective non-catalytic reduction of NOx.  
 
2.5.3.1.  Thermal DeNOx 
 
Thermal DeNOx signifies the homogeneous reduction of NO
139.  In this technology, NH3 is 
injected into combustion systems that supply a nitrogen species for the reduction of NO.  The 
injection of NH3 in SNCR techniques operates in a narrow temperature window (800‒1200 
o
C) in a process that is very sensitive to system operating conditions, such as mixing of the 
added reagent with flue gas and flue gas chemical species.  The literature describes in detail 
the effect of temperature on NOx reduction in specific combustion systems.  The reduction of 
NOx proceeds slowly below 800 °C and most of the added NH3 remains un-reacted (i.e., NH3 
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The reaction mechanisms operating during the reduction of NO, through NH3-SNCR, involve 
the following elementary reactions: 
 
NH3 + OH ⇌ NH2 + H2O         R2.16 
NH3 + O ⇌ NH2 + OH        R2.17 
NH2 + NO ⇌ N2 + H2O        R2.18 
NH2 + NO ⇌ NNH + OH        R2.19 
NNH + NO ⇌ N2 + HNO        R2.20  
HNO + M ⇌ H + NO + M        R2.21 
H + O2 ⇌ OH + O         R2.22 
O + H2O ⇌ OH + OH          R2.23 
 
The NH2 radical formed reduces NO under optimum conditions of temperature (730‒1000 
o
C) in an oxidative environment.  The formation of NH2 radicals is mainly carried out by OH 
and O radicals through reactions R2.16 and R2.17.  The success of the SNCR relies on the 
chain branching production of O and OH radicals.  This result shows that, the reduction of 
NO by the NH2 reaction is self-sustained via the regeneration of O and OH radicals which 
readily convert NH3 to NH2 radicals. 
 
Atmospheric oxygen plays a central role in the reduction of NO via the SNCR process.  The 
inclusion of O2 minimises NH3 slip and causes the formation of N2O.  Also, the presence of 
O2 helps propagate the self-sustained (NH2 + NO) reaction through steps R2.22, R2.17 and 
R2.18.
141, 147-149
.  In short, under poor combustion conditions, admitting O2 entails a twofold 
functionality: 1) generating the hydroxyl radicals necessary for the formation of NH2 from 
NH3; and 2) converting abundant hydrogen atoms into hydroxyl groups.  While the presence 
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of trace water vapour facilitates the formation of hydroxyl groups (as in the reaction 
R2.23);
62, 144, 146, 150
 it has been shown that even in its absence, such as in the experiments of 
Lyon and Benn, oxygen atoms produced by R2.22 react directly with NH3 via R2.16, 
producing both NH2 and OH radicals.
150
  Figure 2.6 shows the effect of oxygen on NO 
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Figure 2.6.  NO reduction at variable NH3/NOo concentrations.; the experimental conditions 
are (T = 982 
o
C, reaction time = 0.075 s, initial concentrations are NOo = 1020 ppm and NH3 
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Figure 2.7 presents the work of Lodder and Leffers
151
 in which they tested the reduction of 
NOx, using NH3 in the presence of O2 from an oil fired boiler.  The reduction efficiency of 
NOx increased with the increase of NH3 loads.  The NH3 slip was notable for a NH3 /NOx 
ratio of more than 20.  The effect of average flue gas temperature on the mitigation of NOx is 



























































Figure 2.7.  Reduction of NOx with NH3 at T = 1040 
o
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Figure 2.8.  NOx reduction at NH3/NOx molar ratio = 1.5, O2 level = 1 vol % against various 




The addition of various types of agents plays a critical role in NOx abatement.  The addition 
of hydrogen with NH3 decreases the NOx reduction temperature.  Conversely, excess addition 
of hydrogen might affect the NOx reduction efficiency as NH3 is oxidised into NO.
139-140, 150, 
152
  The inclusion of hydrogen with NH3 in SNCR of NO enhances generation of OH radicals 




H2 + OH ⇌ H + H2O         R2.24 
H + O2 ⇌ OH + O         R2.22 
O + H2O ⇌ OH + OH         R2.26 
 





The effect of the co-existence of hydrogen peroxide (H2O2) with NH3 in SNCR processes has 
been addressed in number of studies.  H2O2 serves as a potent source for the active OH 





  Researchers observed enhanced mitigation of NO using H2O2 with NH3 at 
temperature of 500 
o
C.  The presence of OH radicals influenced the net reduction of NO.  The 
key NH2 radical readily forms by H abstraction of NH3 by OH, thereby promoting NO 
reduction (R.218): 
 
H2O2 + OH ⇌ H2O + HO2        R2.27 
NH2 + NO ⇌ N2 + H2O        R2.18 
HO2 +NO ⇌ NO2 + OH        R2.28 
 
Hydrocarbon addition in conjunction with NH3 was found to lower the NO reduction 
temperature by 150-200 
o
C.  It was revealed that ethane is more effective in reducing NOx in 
comparison to similar concentrations of methane or carbon monoxide.
151
  Wenli et al. found 
that C2H6 has a greater impact on removing NO as compared to CH4, C4H10 and C2H4 for the 
same carbon contents
155
.  Previous studies
148, 151, 155-156
 have reported a fall in the NO 
reduction temperature window due to ignition of combustible hydrocarbons with a minimal 
decrease of NO reduction efficiency.  Furthermore, in combustion processes, alkyl radicals 
and hydro-peroxy radicals formed from hydrocarbons initiate the formation of OH and 
subsequently oxidise NH3 into NH2, thereby reducing the temperature region for NO 
reduction; however, it was shown that the increase of hydrocarbon concentrations shifts the 
optimum temperature window at the expense of NO removal efficiency.
151, 157
  In addition to 
the shift in temperature window in the presence of hydrocarbons and ammonia (200 ppm), 
the ammonia slip was less than 5 ppm.
156
  Figure 2.9 (a) and (b) present the work of the 
Lodders and Leffers
151
, who studied the effect of CH4 and C2H6 addition in conjunction with 
NH3. 



































































































































Figure 2.9. NOx reduction versus a) CH4/NH3 and b) C2H6/NH3, at T = 937 
o
C, initial NOx 
level = 255 ppm, [NH3]/[NOx] = 1.5 and under an oxygen level of 1 % by volume.
151
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During selective injection of NH3 for NO reduction, the CO concentration increases through 
the inhibition of CO oxidation into CO2 by NO.
151, 158
  Wenli et al.
155
 describe the role of CO 
in NO reduction and reported a shift of NO reduction temperature by 50 
o
C.  Along the same 
line of enquiry, Lodder and Leffers’
151
 findings support the fact that the decrease in the NO 
mitigation temperature window between 40‒80 
o
C stems from an increase in OH 
concentrations.  In their experiments, they utilise dry gas to report the oxidation of CO in the 
presence of NH2.  These results are comparable to those of Lyon and Hardy who add 
moisture (up to 11 %) and report an inhibition of CO conversion into CO2.  The higher initial 
CO level decreases the NH3 slip.
159
  Lyon and Hardy
140
 present detailed kinetic accounts to 
explain the formation of more CO in the presence of NH3.  Carbon monoxide enhances the 
reaction of NH3 with O2, forming more NO rather than reducing it.  Carbon monoxide is 
oxidised according to: 
 
CO + OH ⇌ CO2 + H         R2.29 
 
The generated H atoms in the above reaction react with oxygen as follows: 
 
H + O2 ⇌ OH + O         R2.22 
O + H2O ⇌ OH + OH         R2.26 
 
Enhancement of the H/O radical’s pool increases consumption of NO by ammonia via: 
 
NH2 + O ⇌ NH + OH         R2.32 
 





 found that, in staging, if a reducing agent is injected into a fuel-rich region of a 
rich/fuel staged combustor, significant NO can be reduced after the poor region.  They 
illustrated a comprehensive mechanism for the production of NH2 and reduction of NO by 
CO, and suggested that the primary source of CO is the rich zone in the combustion chamber.  
The transition from poor to rich regions leads to the production of more OH radicals through 
R2.29 and R2.22: 
 
CO + OH ⇌ CO2 + H         R2.29  
H + O2 ⇌ OH + O         R2.22  
O + H2O ⇌ OH + OH         R2.26  
 
As explained earlier, OH reacts with NH3 to form NH2 radicals that reduce NO into N2: 
NH3 + OH ⇌ NH2 + H2O        R2.16  
 
2.5.3.2.  NOxOUT process 
 
Since the reduction of NOx is dominated by the intermediate species of NH2 and OH radicals, 
the agents in the NOxOUT process, such as urea, should be capable of serving as a facile 
source for NH2 radicals.  Salimian and Hanson
142
 modelled the reduction of NO using urea as 
a source of NH2 radicals.  In natural gas-fired furnaces, the injection of urea reduces the NOx 




  NOxOUT technology has been used for a 
variety of fuels, such as oil, coal and gas.
157
  Table 2.4 gives the reported efficiency values of 
the NOxOUT process for NOx emission under variable combustion conditions.  Ammonia slip 
can compromise the NOxOUT process, but injection of the correct urea concentration into the 
optimum reaction zone (1040 
o
C) can reduce the potential for NH3 slip.
162
 




Table 2.4.  NOxOUT performance of numerous combustion systems. 
System  Temperature  NO reduction NHi/NO References  
Pulverised coal boiler 1000 °C 40-45 % 1.5 Chen et al.
160
 
Pilot scale reactor 1000 °C 70 % 1.3 Jodal et al.
137
 
KVA Bessel municipal 
incineration solid waste 
plant 
945‒1000 °C 65 %   Jones et al.
163
 





 50 % 1 Higgins and Douglas 
165
 
LPG gas fired furnace 1000 °C 40‒60 % 1-1.5 Lee et al 1996
166
 




aired with natural gas 
1000 °C 
 
50–55 % 2 Muzio et al.
168
 
116 KW flow reactor 
combustion 
1025–1100 °C 58 % 1 Irfan and Gibbs
169
 
Pilot-scale diesel fired 
tunnel furnace 
855 °C 54 %  Hossain et al.
170
 
Utility fired boiler  30 % 2 Abele et al.
171
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At an NH2/NO ratio of 1, the maximum reduction of NOx is ~58 % over a temperature range 
of 1025‒1100 °C, while for the NH2/NO ratio of 2, NOx reduction efficiency resides at 78 % 
at a temperature of 1100 °C.
173
  The use of an additive with urea solutions, such as furfural 




2.5.3.3.  NOx reduction mechanism in NOxOUT process  
 
The initial main decomposition products of urea are NH3 or NH2 and HNCO or NCO.  The 
mechanism of the NOxOUT process takes place in three steps: 1) Urea decomposition; 2) 
reactions of NH3/NH2 with NO 
174
; and 3) reactions of HCNO/NCO with NO.
175
  Urea breaks 
down into NH3 and HCNO at around 300 °C. The amidogen radical is formed via H 
abstraction from ammonia.  This reaction assumes a critical importance in the NOx abatement 
through the NOxOUT operation.
176-177
  Formation of NCO from HNCO + OH (via the H 
abstraction channel), and further reaction with NO, predominantly gives N2 and N2O.
178
  
Figure 10 shows the reaction channels for the gas phase reaction of urea in a rich NOx 
atmosphere. 
 




Figure 10.  Reaction pathways illustrating the NOxOUT process, (NH2)2CO + NO. 
 
2.5.4.  Biomass as a reburn fuel 
 
Many efforts have been made to enhance the reduction of NOx using liquefied petroleum gas, 
coal water slurry, superfine pulverised coal and biomass.  These efforts have also targeted the 
implementation of new advanced reburning technologies that combine basic reburning with 
SNCR methods.  Mostly, biomass fuels contain less nitrogen content compared to coal. 
Agricultural-based biomass generally contains more nitrogen (based on % dry basis) 
compared to other categories of biomass.
179
  In addition, sulphur contents in biomass are also 
very low and do not pose an effect from SO2 formation.  The emission of CO2 from biomass 
usage is also significantly low compared to coal and other reburn fuels.  Furthermore, the low 
total heat input (10‒20 %) for the reduction of NOx makes it a better choice as a reburn fuel.  
157, 180
 





 demonstrated an NOx reduction efficiency of 50‒70 % using biomass-based 
reburning fuels such as wood, rice husks and orange peel.  Adams and Harding
182
 
investigated NOx reduction in cyclone-fired boilers using wood as a source of reburn fuel.  
Their study revealed a 45‒55 % NOx reduction using optimised parameters and conditions 
such as suitable carrier gases, optimum stoichiometry values and the proper design of the fuel 
injector.  In another experimental study by Adams and Harding
183
, they reported 70 % NOx 
reduction efficiency using hardwood and softwood at a stoichiometry ratio of 0.85.  They 
strongly emphasise the stoichiometry ratio of reburn fuels and residence time in the reburn 
region as the most important variables controlling NOx mitigation.  Recently, Zhuang et al.
184
 
used sawdust, corn straw and cotton straw in a lab-scale, self-heating, drop tune furnace for 
NOx removal.  They reported maximum NOx reduction efficiency at 1100 
o
C temperature, 




 used a horizontal fixed-bed quartz reactor to investigate the diminution of NOx 
utilizing rice husk, sawdust and corncob as biomass samples.  The fine-tuned experimental 
conditions were a 800‒1200 
o
C temperature interval, a 200‒1200 ppm NO initial 
concentration, a residence time of 0.6 s, and a 0‒6 volume % of inlet oxygen concentration.  
The maximum NOx removal efficiency was obtained by sawdust at inlet 800 ppm of NO, 0‒1 
volume % O2, and particle size of 160‒370 µm.  Casaca and Costa
186
 evaluated the effect of 
rice husk particle size distribution on the reburning process to remove NOx formation from a 
large-scale laboratory furnace.  The maximum removal efficiency obtained was 60 % from an 
intermediate size distribution of rice husk at a residence time of 0.70 s and stoichiometry ratio 
of 0.90.  Wang et al.
187
 performed kinetic modelling to analyse the effects of biogas 
fragments, reburning fuel ratio, stoichiometry, temperature, residence time and initial NO 
concentration on the reduction efficiency of NO.  They concluded a maximum NO reduction 
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from biogas reburning fuel using a higher fuel ratio at 0.6 stoichiometry ratio and reburning 
temperature of 927‒1127 °C.  At the low initial concentration of NO, the reduction efficiency 
was shown to be independent of residence time and initial NO value.  Vilas et al. 
188
 
conducted pilot-scale experiments using straw and poplar wood as biomass reburning fuels 
and Gottelborn coal as a primary fuel.  They found reasonable agreement between the 
modelled and experimental results.  An NO reduction efficiency of 15 % was attained at a 
residence time of 1.2 s and temperature of 1264 °C.  Luan et al.
189
 described comprehensively 
the factors (stoichiometry ratio, fuel type and reburning distance) influencing NO reduction 
using the experimental setup of a drop tube furnace.  Biomass fuel set a strong reducing 
environment in the reburning zone through the formation of high CxHy, H, H2 and CO 
concentrations and a low O2 concentration that converts NO into N2. 
 
Efficient NO removal is possible with a high ratio of carbon conversion in the reaction zone.  
The optimal conditions are 15‒20 % biofuel reburning ratio, NH3/HCN ratio of 1.6‒2.5 and 
stoichiometry ratio of 0.6‒0.8.  Under equivalent experimental conditions (NO = 500 ppm, 
residence time 1 s, stoichiometry of 0.7 and at 1200 °C temperature), corn straw achieved a 
higher NO reduction efficiency as compared to the rice husk, attaining an efficiency value of 
more than 80 %.  Under the same conditions, the analogous reduction efficiency by rice husk 
peaked at 70 % NO reduction.  In another study, Casaca and Costa
190
 analysed the ability of 
biomass (rice husk) for NOx reduction in a reburning process.; they conclude that rice husk 
performance, a 60 % NOx reduction, was comparable to that of natural gas reburning at a 
higher added fuel fraction (20‒30 %), low stoichiometry ratio and a high initial NOx 
concentration (700 ppm).  Ballester et al.
191
 illustrated a broad experimental depiction of 
biomass reburning under propane and pulverised coal flames.  The study was conducted in a 
semi-industrial-scale furnace using natural gas and sawdust as reburn fuels at residence times 
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(0.41–1.44 s) and variable stoichiometry ratios (0.85–1.05) in the reburn zone.  Lu et al.
192
 
controlled the optimum conditions to maximise NOx reduction through the reburning of 
biomasses (cotton stalk, wheat straw, rice husk and rice straw) using an entrained flow 
reactor.  NO reduction efficiency with cotton stalk reburning (SR = 0.77), wheat straw 
reburning (SR2 = 0.73), rice husk reburning (SR = 0.77), and rice straw reburning (SR = 
0.75) was 66.4 %, 63.6 %, 56.0 %, and 52.0 %, respectively.  NO reduction efficiency of 
biomass reburning follows a pattern of first increasing and then decreasing efficiency for 
varying stoichiometry ratios from 0.68 to 1.03.  NO removal efficiency peaks at 1373 K and 
20-25 % reburn fuel fraction.  In summary, greater than 50 % NO reduction capacity can be 
obtained at a stoichiometry of 0.7–0.8, or fuel reburn fraction at 20–25 %.  Table 2.5 
elaborates the comprehensive use of biomass as a reburn fuel for NOx diminution. 
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 have been carried out to discover the NO reduction mechanism 
through reburning.  Figure 2.11 depicts an overview of NOx reduction mechanisms by 
hydrocarbon fragments. 
 
Figure 2.11.  Global NOx formation and mitigation pathways 




A bottleneck for the overall process is impeded in the initial transformation of NO to HCN 
accomplished via the reaction of NO with hydrocarbon fragments: 
 
C + NO → CN + O   R2.37 
CH + NO → HCN + O  R2.38 
CH2 + NO → HCNO + H  R2.39 
 
The dominant channel is R2.38, which depends on the concentration of hydrocarbon radicals 
present in the reburning zone.  Chan et al.
198
 found that the end product of the interaction 
hydrocarbon and NO is HCN sourced from the potent CN and HCNO intermediates.  HCN 
consumes OH and O radicals via the following subset of reactions: 
 
HCN + OH → HOCN + H        R2.40 
HCN + OH → HNCO + H        R2.41 
HCN + O → NCO + H        R2.42 
HCN + O → NH + CO        R2.43 
 
The existence of the reducing species near stoichiometry is too low to reduce NO.  In the 
fuel-rich region, the concentration of oxidising compounds starts decreasing and the reducing 




 described the mechanisms of NO reduction and formation.  Specific to reburning 
technology, NO reduction normally occurs through a series of elementary reactions of HCN 
and NO.  Hydrocarbon radicals present in fuel-rich conditions convert NO into HCN through 
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the reaction R2.15.  In subsequent reactions, HCN is oxidised to NCO with the generation of 
H radicals via reaction R2.42, which eventually affords N2 (R2.46-R2.48): 
 
CHi + NO → HCN + …        R2.15 
HCN + O → NCO + H        R2.42 
NCO + H → NH + CO        R2.46 
NH + H → N + H2         R2.47 
N + NO → N2 + O         R2.48 
 
Contrary to fuel-rich conditions, hydrocarbon reacts with oxygen and hydroxyl radicals under 
fuel-lean conditions via reaction R2.49.  The efficacy of the reburning method’s success 
strongly depends on the interaction of CHi radicals with NO. 
 
CHi + O/OH → CO + H +…..       R2.49 
 
To improve the kinetic mechanism, a global reaction rate for the reburning methods was 
developed
71, 199-200
 for premixed, laminar hydrocarbon-containing flames using the 
CHEMKIN code.
201
  For the global reaction mechanism
200
 in reburning regions, calculating 
the reaction rate of NO + CiHj is as follows: 
 
∑CiHj + NO → HCN + …..        R2.50 
 
Development of reburning NO was an important step towards the exact determination of 
formation and destruction of NO, especially in hydrogen-rich flames; otherwise, the 
concentration profiles of NO, HCN and NH3 were inaccurate without accounting for the NO-
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reburning mechanism during the formation of NO in hydrogen-rich flames.
112
  Recently, 
Ibukun et al.
129
 investigated the recycled plastic for probable NOx reduction. They were able 
to reduce 80 % of the NOx with the use of polyethylene.  The literature reports a safe, 




2.5.6.  Catalytic conversion of NOx into N2 
 
Selective catalytic reduction (SCR) incorporated NH3 as the reducing agent and has been 
proved an effective and preferred choice for the mitigation of NOx at a modest temperature of 
250‒500 
o
C, especially for mobile emission sources.
203
  Catalytic surfaces employed in SCR 
can be arranged in three sub-categories: 1) noble metals like Pt, Pd, Ag, etc.; 2) transition 
metal ions, mainly Fe and Cu, transition metals nitrides and oxides such as Mn, Fe, V, Cu, 
Cr, Co; and 3) exchanged zeolite surfaces.
204
  Transition metal oxide catalytic surfaces have 
acquired outstanding low-temperature SCR activity.  Mn-based catalysts (pure nano-MnOx), 
Mn-based metal oxide mixture (MnOxCeO2, MnOxFeOx) and MnOx are typically loaded on 
various supports (Al2O3, TiO2, carbon materials, ceramic monolith).
205
  Further research in 
this area was conducted by Fu et al.
206
  In their review, they summarise the use of catalytic 
surfaces with and without carriers, reaction kinetics, mechanism of NOx diminution MnOx 
catalysts, as well as the effect of reaction conditions.  For efficient low temperature catalytic 
surfaces, Mn-doped materials (MnOx/TiO2 and MnOx) exhibit high activity for NH3-SCR.
207
  
The reactivity of Cr-MnOx mixed-oxide surfaces are very effective over a temperature 






 provided a review on the SCR performances of Mn-based metal oxide and Fe, Cu 
exchanged zeolite catalysts.  They showed that MnOx molecules are the dynamic gears for 
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NH3-SCR of NO across a range of low temperatures (100–300 
◦
C).  Among Cu and Fe based 
exchanged zeolite surfaces, the Cu–zeolite catalyst offered superior activity at the lower 
temperatures, while Fe/beta shows enhanced activity among all the Fe-based exchanged 
zeolite catalysts; however, exposure to SO2 and H2O induces catalyst poisoning as well as the 
formation of N2O.  Shan and Song
210
 urged a review of low temperature catalytic surfaces for 
NH3-SCR, focusing on carbon-loaded V2O5 and Cu-bearing tiny pore zeolites.  They pointed 
out that V2O5 doped on carbon material offers high activity and SO2 resistance at low 
temperatures, counting as an appropriate choice for high sulphur-containing fuels.  The 
hydrothermal stability and elevated activity is noted in Cu-based small pore zeolites. 
 
 SCR reduces NOx levels through the reaction of NH3 with NO over catalytic surfaces 
(frequently used V2O5-WO3(MoO3)/TiO2)
211
 to produce N2 and H2O without consuming 
excess O2 and upholding ~95 % conversion efficiency.
212
  Under NH3-SCR operation, Ce-
doped surfaces claim excellent NOx reduction proficiency due to the greater O2 capturing 
capacity and effective redox ability of CeO2.  Furthermore, the literature provides a variety of 
Ce-based catalytic surface, such as Ce-Mn, Ce-Ti, Ce-W, Ce-Sn , Ce-Cu, Ce-V, Ce-Mo, Ce-




Besides NH3, the N-containing compound like urea
214









, are used for the remedy of NOx emission over 
catalytic surfaces.  Various hydrocarbons such as methane, propane, and propylene can function 
as effective carrier gases/reducing agents for NOx conversion into N2, as reducers.  Table 2.6 
presents various Mn-based NH3-SCR and zeolite catalysts HC-SCR of NO conversion and N2 
selectivity. 
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MnOx-CeO2 0.1 % NH3, 0.1 % NO, 2 % 
O2, 150 °C 










0.1 % NH3, 0.1 % NO, 2 % 























MnOx-FeOx-TiO2 0.05 % 
NH3,  
0.05 % NO, 5 
%O2, 
200‒300 °C 














MnOx/TiO2 0.04 % 
NH3,  









Zeolite based HC-SCR 
CuSiBEA 0.1 % 
C2H6O 
0.1% NO, 2 % 
O2, 380 °C 




Pd-SBA-Imp 0.15 % CH4 0.015 % NO, 7 
% O2, 300 °C 






0.05 % NO, 10 
% O2, 350 °C 




2% Pt/MPS 1 % C3H6 0.1 % NO, 14 % 
O2, 160 °C 




2% Pt/B-MPS 0.3 % C3H6 0.1 % NO, 1 % 
O2, 400 °C 




Co-Pd-ZSM-5 0.25 % CH4 0.05 % NO, 5 % 
O2, 450 °C 




Co- Ba/ZSM-5 0.1 % C3H8 0.09 % NO, 2 % 
O2, 500 °C 





Recently, Altarawneh et al.
230
 computationally tested the catalytic activity of cubic 
molybdenum nitride (γ-Mο2N) for the reduction of NO into N2 via its adsorption on γ-Mο2N 
surfaces.  Based on the experimental study of He et al.,
231
 they developed a reaction 
mechanism for the conversion of NO into N2 over γ-Mο2N(100) and γ-Mο2N(111) surfaces.  
The catalytic ability of γ-Mο2N triggered dissociative adsorption of 
15
NO molecules over γ-
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Mο2N(100) and γ-Mο2N(111) surfaces, through accessible reaction barriers of 24.1 and 117.6 
kJ mol
-1
, respectively.  NO dissociation on these surfaces leads to the formation of an 
oxynitride configuration, Mo2OxNy.  Subsequent desorption of N2 takes place via the 
Langmuir–Hinshelwood mechanism.  Figure 2.12 reproduces He et al.’s
231
 reported 
conversion efficiency of NO by passivated and H2-treated γ-Mο2N surfaces over the 
temperature range of 100‒400 °C.  The reduction efficiency at 200 °C of passivated γ-Mο2N 
(3.9 %) was reported to reside below that of H2 treated γ-Mο2N (13.6 %); however, near 450 
°C, both these surfaces show 100 % mitigation of NO with an N2 selectivity of 98 %. 

































Figure 2.12.  Reduction efficiency of NO over H2-treated and passivated γ-Mο2N. 
 
 
2.6.  Formation of N2O: A greenhouse gas 
 
Figure 2.13 (a) and (b) display the contribution of N2O to overall greenhouse gas budgets and 
emissions of N2O from various emission sources, respectively.  The level of N2O gas is 
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increasing (0.26 % per year) in the atmosphere over time, which ultimately diffuses into the 
stratosphere region causing ozone depletion.
232
  N2O has a major role in global warming 
potential (~300 times CO2) due to its effective property as an infrared radiation absorber.
233-
235
  The major input of anthropogenic N2O is the agricultural sector based on a million tonnes 
of nitrogen bearing fertilisers.
236-238
  The total N2O emissions from natural and anthropogenic 
endpoints combined is approximately 17.7 Tg N year
-1
.  The estimation of N2O from 










Figure 2.13. a) Global emission of greenhouse gases into the atmosphere;
239
 b) contribution 




A great deal of work has been conducted on N2O release from combustion fuels (solid and 
liquid based) as these sources contain fuel-N.
20, 242-243
.  N2O is generated from combustion 
systems as well as from NOx abatement technologies (thermal DeNOx and NOxOUT) alike.
157
  
Table 2.7 summarises N2O release from some widely used combustion systems and NOx 
mitigation activities.  Coal fired combustion and oil burning are major contributors to N2O 
formation, with an observed level of ~25 ppmdv (parts per million dry volume).
244-245
  
Fluidised bed combustion is a particularly potent source of N2O due to the lower temperature 
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Table 2.7.  Emission sources of  N2O and their reported concentrations.
20
 
Combustion Sources  N2O release NOx mitigation technology N2O release 
Conventional stationary 
combustion 
1‒5 ppm Fuel staging in conventional 
stationary combustion 
10-15 ppm 
Fluidised bed combustion 20‒150 ppm Thermal DeNOx 
Ammonia addition 
Urea or cyanuric addition 
3‒5 % of NOx 
reduction 
10‒15 % of 
NOx reduction 
Diesel engines 0.03 g N per km   
Gasoline engines 0.01‒0.03 g N 
per km 
Three-way catalyst for 
gasoline engines 
0.03‒0.15 g N 
per km 
 
The formation of N2O is mainly derived from two reactions: NCO + NO → N2O + CO and 
NH + NO → N2O + H.  In most conventional combustion systems operating between 900 – 
1250 °C, N2O forms from fuel-bound nitrogen.
243, 247
  In fluidised bed reactors and SNCR 





Due to the lower operation temperature of FBC, N2O is formed in higher yields compared to 
other systems.
249
  Few studies have investigated the emission of N2O and its potential 
reduction strategies in FBC.  The controlling factors that influence the reduction of N2O
242, 250
 
include the operating temperature and pressure, excess combustion air, char, coal type and 
particle size, additives in coal combustion, reburning, air staging and catalysts.  In pressurised 
FBC, an increase in temperature often decreases N2O concentrations, while the formation of 
N2O is seen to peak at 0.4 MPa.  The release of N2O increases with the increase of excess 
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combustion air.  Reburning (fuel-rich conditions) reverses air staging, causing a reduction in 
N2O. Surfaces of catalysts (up to 80 %) and char (up to 20 %) can significantly reduce N2O, 




2.6.1.  Reaction routes leading to N2O 
 
The release of N2O is strongly related to the fuel-bound nitrogen (amine or other N-
compounds) present in fossil fuels.  Nitrogen in biomass mainly exists in the form of amino 
acid proteins.  Fuel-bound nitrogen dissociates into volatile-N and char-N. N2O arises from 
the homogeneous and heterogeneous reaction pathways.
47, 261-263
  The formation and 
reduction mechanism of N2O is portrayed in Figure 2.14. 
 









 confirmed that the precursors of N2O formation in solid fuels are HCN and 
NH3.  They noted a substantial rise in N2O generation when they added NH3, HCN and 
acetonitrile (CH3CN) as a nitrogenous prototype to gas flames in the temperature range 775–
1125 °C.  Hayhurst and Lawrence
265
 also demonstrated how N2O release ensues via 
homogenous gas-phase reaction through R2.53 and R2.42 reactions.  The homogeneous 
reaction pathways pertinent to N2O are essentially R2.52 in real combustion systems and, to a 






HCN + O → NCO + H        R2.42 
NCO + NO → N2O + CO        R2.52 
NH + NO → N2O + H        R2.53 
N2O + O → NO + NO        R2.54 
 
Heterogeneous pathways 
N(C) + O → NCO(C)         R2.55 
NCO(C) + NO → N2O + CO + C       R2.56 
N2O + M → N2 + O2 + M        R2.57 
 
2.6.2.  Formation of N2O from thermal DeNOx and NOxOUT 
 
A pilot-scale, natural gas fired combustor is used to execute the NOxOUT process
168
.  
Researchers were able to achieve the desired NO reduction performance (50–55 %), but at 
the same time they observed an increased level of N2O (NCO + NO → CO + N2O).  Miller 





 expounded a comprehensive study focusing on N2O formation from the 
thermal DeNOx process (NH2 + NO2 ⇌ N2O + H2O  and NH + NO ⇌ N2O + H ). 
 
 
2.7.  Nitrogen conversion in explosives 
 
Ammonium nitrate (AN)-based high density energy materials (HDEM) are frequently used in 
coal mine blasting.  The detonation of AN causes the generation of unwanted post-blast NOx 
gases that appear in the form of yellow, orange and purple fumes.
269
  Mining companies, 
explosives manufacturers and monitoring authorities joined hands to develop a safe code of 
conduct and procedures through management and engineering control measures.  Although 
these strategies have helped in the reduction of NOx fumes, they didn’t account for the 




The increased number of coal mines and the adverse effects of post-blast toxic fumes on 
nearby living communities have drawn much concern from regulatory authorities, the media 
and the public.
271
  The National Pollutant Inventory (NPI) measures the emission factors of 
NOx (8 kg t
-1
), CO (34 kg t
-1




; exposure to these toxic gases can have a 
range of negative effects on the health and safety of exposed persons and on the surrounding 
environment, in many cases having a catastrophic impact. 
 
2.7.1.  Formation of NOx  
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Nitrogen-containing oxidisers used in mining, infrastructure and aviation industries are potent 
source of NOx formation and deflagration of NH4NO3.  Chemical gassing of NH4NO3 
emulsions and unbalanced stoichiometry blasting contribute towards NOx formation.
273
  




Figure 2.15.  NOx formation during (a) NH4NO3 stoichiometrically unbalanced detonation; 
(b) N transformation in NH4NO3 deflagration during blasting of bulk explosive mixtures; and 




On an ideal basis, NH4NO3 should follow the explosive reaction shown below, based on 
stoichiometric conditions: 
 
(3x+1)NH4NO3 + CxH(2x+2) → (3x+1) N2 + (7x+3)H2O  + xCO2    2.58 
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In the presence of fuel oil and carbon content in emulsions (ANFO), the above generic 




3NH4NO3 + CH2 → 3N2 + CO2 + 7H2O      2.59 
2NH4NO3 + C → 2N2 + CO2 + 4H2O      2.60 
 
Numerous factors can alter the stoichiometry of nitrate blasting agents and, hence, the 
products formed as a result of blasts or explosions; for example, the extraction of fuel by 
surrounding rocks, wet conditions in the blast hole, and inorganic compounds present in the 
bulk matter resulting in toxic carbon monoxide (CO) and NO.  ANFO particle size 
distribution may influence the formation of NOx.  ANFO consisting of fine grains releases 
more NOx when compared with the coarse sized ANFO, due to better surface interaction of 
small sized grains with oxygen which leads to increased NOx generation.
279
  Conversely, 
many researchers demonstrated the low NOx level from pulverised ANFO.  It has been shown 
that through effective mixing of nitrate with fuel, a complete detonation reaction can be 
attained.
10, 280-281
  Oxygen balance (OB) defines the reaction stoichiometry of the explosive 
mixture.  The OB value of the contents of the explosive matter represents the amount of 
oxygen per unit mass of compound.  The OB values control the fuel-rich and -poor conditions 
of bulk explosives.  Fuel-lean conditions give positive OB values ( R2.61), while fuel excess 
show negative OB values ( R2.62).
282
  Consequently, fuel-lean conditions drive more NOx 
formation.
10
  Later, NO is oxidised to NO2 and N2O4 via the reactions
283-285
 R2.63 and R2.64. 
 
Detonation (Fuel excess): 2NH4NO3 + CH2 → 2N2 + CO + 5H2O   R2.61 
Detonation (Fuel lean): 5NH4NO3 + C → 4N2 + CO2 + 11H2O + NO  R2.62 
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2NO + O2 → 2NO2         R2.63 
2NO2 → N2O4          R2.64 
 
At an OB value of 15, the formation of NO and NO2 peaks at a value of 9 L at STP/kg and 8 
L at STP/kg, respectively.  The low level of fuel oil, say 1 %, enhances the release of NO (10 
L at STP/kg) and NO2 (9 L at STP/kg).  For a water content of 7 %, the generation of NOx 
reaches a maxima (NO, 8 L at STP/kg and NO2, 5 L at STP/kg) and minima (NO, 2 L at 




Furthermore, the behaviour of nitrate ions plays a key role in the formation of NOx under a 
limited fuel supply in ANFO.  Under the condition of insufficient fuel, the deflagration 
reaction channels progress through R2.65-R2.67 when ammonium nitrate acts as the fuel as 
well as oxidiser.  The two different valence states of nitrogen in ammonium nitrate allow one 
species to reduce and the other to oxidise.  Thermodynamically, the deflagration and 





Deflagration: 2NH4NO3 → N2 + 4H2O + 2NO     R2.65 
Deflagration: 2NH4NO3 → N2O + 2H2O       R2.66 
Deflagration: 4NH4NO3 → 3N2 + 8H2O + 2NO2     R2.67 
 
The literature proffered inclusive and varied analysis of the decomposition/cracking of 
NH4NO3 in condensed and gas-phase systems.
288-293
  Most researchers agreed on the thermal 
decomposition of solid NH4NO3 from two pathways in the condensed phase: 1) ionic and 2) 
radical channels.  In the course of the heating stage, NH4NO3 remains stable up to ~ 165 °C, 
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after which it starts decomposing through an ionic mechanism.  In the condensed phase, the 
initial step towards NH4NO3 decomposition is the formation of H
+
 along with NH3 and nitric 
acid (HNO3).  The presence of ammonium ions (NH4
+





2NH4NO3 → NH3 + HNO3        R2.68 
HNO3 + HA → NO2
+
 + H2O+ A
-
       R2.69 







 → products (N2O, H2O)       R2.70 
NH3 + X
-
 → products (NO, NO2, H2O)      R2.71 
 
The NH4NO3 ionic mechanism switches to radical gas phase reaction pathways as the 
temperature is increased and the species depart the condensed phase.  Under fast heating and 
by utilising an instant probe (using rapid scan Fourier transform infrared (FTIR) 
spectroscopy), thermal products from decomposition of NH4NO3 includes HNO3 




At high temperatures and under radical pathways, the decomposition of HNO3 proceeds as 
follows: 
 
2HNO3 = NO2 + H2O + 1/2O2        R2.72 
 










 → NH2 + HNO2        2.73 
NH2 + NO2 → NH + HNO2        2.74 
NH + NO2 → HNO + NO        2.75 
2HNO → NO2 + H2O         2.76 
2HNO2 → NO2 + NO + H2O        2.77 
 
The above reaction may proceed through the following elementary reaction scheme.  Oxygen 
from reaction R2.72 (decomposition of HNO3) reacts with NO and forms NO2, which 




3NO + 3/2O2 → NO2         R2.78 
2NO2 + H2O → HNO2 + HNO3       R2.79 
NH3 + HNO3 → NH4NO3        R2.80 
NH3 + HNO2 → NH4NO2        R2.81 




 proposed the formation of a nitramide intermediate that decomposes 
into N2O and H2O.  Brower et al.
289
 suggested homolytic breaking of N‒O bonds in HNO3 at 
low temperatures, at which point H2O and NH3 inhibit the ionic reactions, while both species 
exhibit no influence at high temperatures.  Anderson et al.
301
 illustrate that surface 
decomposition (an endothermic reaction) is dominant at a high heating rate and produces 
NH3 and HNO3, while N2O and H2O are produced through bulk decomposition (exothermic 
reaction). In general, the rates of ionic and radical pathways depend on the operating 
temperature, heating rates, and pressure.  Confinement plays a detrimental role in NOx 
formation in the deflagration of AN. 
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2.7.2.  Thermal decomposition of ammonium nitrate in the gas phase. 
 
The initial step towards the decomposition of ammonium nitrate requires energy in a process 
that consumes NH4NO3 into NH3 and HNO3.
302
  The subsequent reaction mechanisms are 
still unclear and are open to various speculations.
289
  Moreover, the available modelled 
reaction scheme is limited to intermolecular H
+
 transfer and hydrogen-bonded acid base 
adducts in NH4NO3.
303-304
  Cagnina et al.
305
 reported complex reaction mechanisms for the 
gas phase decomposition of NH4NO3 (Figure 2.16).  They mapped out competing potential 
energy surfers for the homogenous fragmentation of NH4NO3, representing the major species 
reported in experimental studies. 
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Figure 2.16.  Potential energy surface for the decomposition of NH4NO3 in the gas phase.
305
 




2.7.3.  High internal phase emulsion explosives 
 
Emulsion explosives are high internal-phase water-in-oil emulsions that consist of a 
discontinuous phase of inorganic oxidiser salt mixture (mainly aqueous ammonium nitrate 
droplets), which is dispersed in a continuous organic fuel (diesel or other hydrocarbon) phase.  
Polyisobutylene succinic anhydride (PIBSA)-based emulsifier and the mixture of fuel oil 
makes the continuous phase of emulsion explosives.  The emulsifier is added to the 
emulsions to increase the strength of the discontinuous phase and make it stable.  Emulsion 





The sensitisation of ammonium nitrate emulsion explosives through chemical gassing 
(addition of concentrated sodium nitrite with acetic acid) ends with nitrogen as the main 
gaseous product; however, in certain settings, a substantial amount of nitrogen oxide may 
form.  The desired size of the bubbles and matrix density allow the introduction of a booster 
to generate a shock wave that initiates the explosion.  Chemical gassing of the emulsion 
explosives occurs through a well-known nitrosation reaction.  The initial step is the 
protonation of nitrite ions to produce nitrous acid (HNO2).
308
 Subsequently, HNO2 reacts with 
the available nucleophilic species (A
-
) to from nitrosating species.
309
  In a mild acidic 
environment (pH 4‒6), dinitrogen trioxide (N2O3) acts as an nitrosating species via R2.84 
(low acidic media), while the nitrosyl ion (ON
+
















 ⇌ N2O3 + H2O       R2.84 
HONO + H
+
 ⇌ ON+ + H2O        R2.85 
 
Nitrosation of NH3 is represented by reactions R2.86 and R2.87, and results in the formation 
of N2 which induces the sensitisation in bulk emulsion explosives. 
 




 + H2O      R2.86 
ON+ + NH3 → N2 + H
+
 + H2O       R2.87 
 
Also, under strong acidic media (pH < 2), HNO2 decomposes as follows, producing NO and 
NO2. 
 
2HNO2 ⇌ NO + NO2 + H2O         R2.77 
 










, SC(NH2)2 and (S2O2)
-3
, HNO2 








 ⇌ ONA+ H2O       R2.89 




 + H2O        R2.90 
 
In the presence of added nucleophiles, the nitrosation pathway operates at increased reaction 









 demonstrated a nitrosyl thiocyanate (ONSCN) decomposition mechanism 
leading to the formation of NOx during explosive sensitisation.  The reaction of thiocyanate 
ion (SCN
-
), as with HNO2, produces ONSCN, which acts as a nitrosating species.  At 




 + H+ ⇌ ONSCN + H2O       R2.91 
2ONSCN → 2NO + (SCN)2        R2.92 
 
Additionally, Rayson et al.
314
 explored three reaction pathways for the decomposition of 
ONSCN, in particular during emulsion explosions.  Two reaction pathways at high SCN
-
 
concentrations are depicted in Figure 2.17. 
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 concentrations, ONOSCN (formed from the reaction of ONSCN with HOSCN) 
released NO through the O–NO bond dissociation.  At the end, OSCN dimerises and 
hydrolyses via reaction R2.96. N2O can also be formed from the decomposition of ONH 
(product of ONSC hydrolysis).
314









      R2.93 
ONSCN + HOSCN ⇌ ONOSCN + SCN- + H+     R2.94 
ONOSCN ⇌ NO + OSCN        R2.95 
2OSCN + H2O → HOSCN + HO2SCN      R2.96 




2.7.4.  NOx mitigation in ammonium nitrate emulsions 
 
The formation of NH3 and NOx often prevails during the early stages of decomposition of 
NH4NO3 blasting material.
316
  Figure 2.18 demonstrates the path of NOx reduction from 
NH4NO3 blasting.  Ammonium nitrate based emulsion materials used for blasting on mine 
sites.  These sites have reactive ground sulphide containing rocks (especially in Australia).  
Drilling of the blast hole produces pyrite powder which piles up at the bottom of the hole 
facilitating its reaction with energetic emulsions, resulting in a premature detonation.
317-318
  
Moreover, reactive ground pore water also contains solubilised iron (II) and (III) ions and 
sulphuric acid.
319-321
  Through a series of reaction pathways, pyrite, iron ions and sulphuric 
acid react with NH4NO3 forming NO, NO2, HNO2 pollutants and Fe (III) ions.
320, 322-324
  
Ammonium nitrate reacts with sulphide through an autocatalysis reaction mechanism.  The in 
situ undesired formation of Fe (III) ions and nitroso-species act as a catalyst to generate more 
pyrite and Fe (II) ions.  At a certain level, when the formed in situ species concentration is 













 presented a pioneering study on the abatement of NOx during blasting 
activities.  They proposed alkaline neutralisation additives which exhibit a profound capacity 
to limit the NOx generated from NH4NO3 materials.  It is clear that additives like Na2CO3, 
Ca(OH)2 and CaCO3 capture NO2 through reactions R2.97-R2.99 and 0.1‒0.2 mass % of 
additives displayed an NO2 reduction efficiency of 40‒80 %. 
 
Ca(OH)2 + 2NO2 + 1/2O2 ⇌ Ca(NO3)2 + H2O     R2.97 
CaCO3 + 2NO2 + 1/2O2 ⇌ Ca(NO3)2 + CO2      R2.98 
Na2CO3 + 2NO2 + 1/2O2 ⇌ NaNO3 + CO2      R2.99 
 





 suggested an amendment to the NH4NO3 configuration mitigating plausible 
NOx formation in the reaction region that results from the detonation.  They performed a real-
time detonation in a mine chamber, enclosed by a sphere (3.7 m of diameter), and detonated 
the blasting material inside a galvanised steel pipe (10 cm).  Through the stemming method, 
48 % of the NO2 reaction was achieved through mixing of acidic gases in Na2CO3.  In 
addition to the stemming method, they estimated the performance of the selected additives 
(blended with NH4NO3 emulsion) such a urea, excess diesel fuel, aluminium and coal dust.  
For the excess diesel fuel (8 %) additive, the production of NO2 was three times less than 
without the additive, but had no significant reduction for NO.  Among urea, coal dust and 
aluminium additives, aluminium was the most effective at reducing NO2 by a factor of 2.5.  
Oxley et al.
291
 tested a wide array of NH4NO3 blends encompassing additives of pulverised 
potassium, calcium, sodium, ammonium, and several organic agents (formate, oxalate, urea) 
and guanidium salts.   
Opoku et al.
326
 prepared the mixed NH4NO3 salts to monitor the emission of NOx from 
detonations pertinent to NH4NO3 blasting agents. They observed lower NO emission levels 
from thermal decomposition of NH4NO3 doped with the potassium additive. They reported 
40 % reduction efficiency when using 5 mol % potassium co-recrystallised NH4NO3 salt.  
 
For chemical gassing of emulsion blasting material, spin traps were tested as prominent NO 
diminution agents via the formation of stable NO-complexes.  Venpin et al.
327
 examined the 
effect of various molecular spin traps encompassing aromatic ortho substituted nitroso 
compounds, such as nitrosobenzene sulfonate, 3,5-dibromo-4-nitrosobenzene sulfonate, 3,5-
dimethyl-4-nitrosobenzene sulfonate and 3,5- dichloro-4-nitrosobenzene sulfonate to capture 
NO during sensitisation (chemical gassing) of the NH4NO3 emulsion.  The NOx reduction 
efficiency measured reached 70 %. 
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2.8.  Reactions of NH2 radicals and hydrocarbons  
 
The amidogen radical is an important intermediate species in most chemical transformations 
of ammonia and related compounds in the gas phase.  It is generally produced by the 
hydrogen abstraction from ammonia, its thermal decomposition, photolysis or radiolysis.  In 
this section, we report mechanistic and kinetic parameters dictating the reaction of NH2 with 
hydrocarbons. 
 
2.8.1.  Experimental studies 
 
Amidogen radicals (NH2) react with alkane via hydrogen abstraction pathways according to a 
general reactions scheme of R-H + NH2 → R
∙
 + NH3.  Demissy and Lesclaux
328
 investigated 
hydrogen abstraction reactions of NH2 with a series of alkanes, namely methane, ethane, 
propane and butanes, as well as molecular hydrogen.  Absolute rate constants for the 
abovementioned species were determined for the temperature window of 27‒227 °C. The 
flash photolysis setup equipped with laser-based resonance absorption facilitated the 
recording of species time-histories.  This highly sensitive method allows the estimation of 
very low reaction rates.  The source of NH2 radicals was photolysis of NH3.  They found a 
sluggish H abstraction reaction at low temperatures.  Abstraction of H was more feasible 
from the thermodynamically weakest C-H site among these hydrocarbons; for example, 
abstraction of the tertiary C-H site in iso-butane (with bond dissociation energy, BDE of 
381.0 kJ mol
-1
) requires an activation energy (Ea) of 20.5 kJ mol
-1
.  Likewise, the removal of 
H from the secondary site of propane and n-butane (both with a BDE value of 395.5 kJ mol
-1
) 
proceeds with 25.7 kJ mol
-1
 and 25.5 kJ mol
-1 
of Ea.  The abstraction of primary H from 
methane (BDH, bond dissociation enthalpy = 438.5 kJ mol
-1
) and propane (BDH = 418 kJ 





) demands higher activation energies of ~41.8 kJ mol
-1
 and 29.9 kJ mol
-1
, respectively.  
Clearly, activation barriers show a linear relationship with BDE of the respective C‒H sites in 
alkanes.  The pre-exponential factors fitted between 27‒227 °C based on two H abstractions 








. Secondary C-H in propane incurs 

















.  They performed a comparison of active radicals (OH and CH3) in 
addition to NH2 reactions with ethane, propane and iso-butane.  They observed the reactivity 
of NH2 in between these radicals. Due to the very slow rate of methane interaction with NH2, 
Arrhenius parameters could not be determined accurately and only Ea was evaluated. 
 
Earlier measurements of the H abstraction reaction of NH2 from saturated hydrocarbons were 
recorded indirectly.
329-331,328
  Hack et al.
332
 performed the first direct measurement of the 
reaction CH4 + NH2 → CH3 + NH3.  The experiments were conducted in an isothermal 
discharge flow reactor linked directly to a laser-induced fluorescence cell at a temperature 















 studied the high temperature (1227‒1827 °C) kinetics of NH2 
radicals with methane, ethane and propane in an aluminium shock tube.  Highly sensitive 
measurements of NH2 radicals using the laser (narrow line width) absorption method was 
reported.  The kinetic rate constants for primary H removal in methane and ethane were 

















, respectively, while rate expression for propane (combined 











 investigated the removal of hydrogen from methane using a shock tube facility 
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over a temperature interval of 1318–1811 °C and 1.14 bar pressure, with NH2 concentration 
measured using the frequency modulation absorption technique to report a reaction rate 












 explored the kinetics of H abstraction reactions from hydrocarbons (ethane, 
propane and cylcohexane) with NH2 radicals in an isothermal flow reactor.  Reaction rates 
were obtained in a temperature window of 325–700 °C and an applied pressure of 4.0 mbar.  
Time-dependent NH2 profiles were monitored at pseudo-first-order conditions using the 
laser-induced fluorescence technique.  For the removal of primary H from ethane, the 









The combined rate of expression (primary and secondary H removal) from propane was fitted 








.  Finally, removal of H from 
cyclohexane showed a similar Ea (37.3 kJ mol
-1













 investigated the NH2 radical reaction with 1,3-butadiene in an isothermal 





bar, respectively.  The source of NH2 radicals was NH3, produced through the 
reaction of fluorine atoms with NH3.  Laser-induced fluorescence was employed to record the 




.  Kinetic rate 
parameters were determined at a pseudo-first-order decay of NH2.  The reaction showed 
dependency on temperature and an initial concentration of 1, 3-butadiene, but remained 









 and Ea value of 9.50 kJ mol
-1
; however, it remains unclear if the reactions proceed 
via H abstraction or addition channels.  There are two possible sites for the addition reaction 
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due to the presence of two π-bonds viable for attachment by NH2 radicals.  Owing to the 




, the H abstraction channel assumes more 




 used the flash photolysis-laser resonance absorption technique and 
determined the absolute rate constants for the reaction system of olefins and NH2 radicals.  
The NH2 radicals were produced from photolysis of NH3 in a quartz tube.  The olefins 
studied were ethylene, propylene, iso-butene, 1-butene, trans-2-butene, cis-2-butene with 




 bar.  The reactivity 
of NH2 radicals with all the olefins was found to be very similar, with a pre-exponential value 
of 1.99‒7.64×10
-2
 and Ea values remaining within 16.5‒20.3 kJ mol
-1
.  Due to the very strong 
C‒H bonds (465.3–464.8 kJ mol
-1
), the authors anticipated that an additional pathway is the 
main channel for ethylene and propylene.  For all butenes, the reported results do not rule out 
the possibility of an H abstraction reaction based on similar Arrhenius parameters for both H 
addition and H abstraction reactions.  Table 2.18 shows the work done for the reactions of 
hydrocarbons with NH2. 
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Table 2.18.  A summary of experimental studies that report activation energies (kJ mol
-1
) and 
























 66.7 kPa 27‒247  8.3×10
-13






 0.4 kPa 470‒747  9.61×10
-12






 7.4 kPa 1227‒1827  1.99×10
-11



















 66.7  27‒247  6.14×10
-13






 0.26–93.3  22‒227  6.14×10
-13






 7.4  1227‒1827  1.61×10
-11






 0.4 325‒700  1.61x10
-11
 44.4 ELB Laser induced 
fluorescence 
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7.4  1227‒1827  2.82×10
-11






0.4 325‒700  1.41×10
-11






0.05–60.0  27‒227  7.47×10
-13
 25.8 FP Vis-UV 
absorption 












 0.05–40.0  27‒247  3.82×10
-13




 0.27–93.0  22‒227  3.82 ×10
-13




 1.33–13.0  27‒227  3.99×10
-13
 21.0 FP Vis-UV 
absorption 





0.27–93.3  22‒227  1.16×10
-12






0.05–53.3   1.16×10
-12
 25.5 FP Vis-UV 
absorption 
ethylene + NH2 
Product 
338
 1.33–13.3  27‒227  1.99×10
-13
 16.6 FP Vis-UV 






 0.13  22‒232  2.16×10
-15




 0.67–13.3  -23‒192  3.42×10
-14




 ambient 1367 ‒ 1667  8.80×10
-12
 42.9 TH Vis-UV 
absorption 
propylene + NH2 
Product 
343
 1.33–93.3  27‒227  4.82×10
-13




 0.13  25  9.96×10
-16




 1.33–13.3  27‒227 4.65×10
-13





 ambient 1237‒1507  1.25×10
-11
 39.7 TH Vis-UV 
absorption 
iso-butene + NH2 
Product 
338
 1.33–13.3  27‒227 7.64×10
-13
 18.8 FP Vis-UV 
absorption 
1-butene + NH2 
Product 
338
 1.33–13.3  27‒227 4.65×10
-13
 17.1 FP Vis-UV 
absorption 
cis-2-butene + NH2 





 1.33–13.3  27‒227 5.81×10
-13
 17.8 FP Vis-UV 
absorption 
trans-2-butene + NH2 
Product 
338
 1.33–13.3  27‒227 5.48×10
-13
 18.0 FP Vis-UV 
absorption 







0.4  325‒700  4.48x10
-11
 37.3 ELB Laser induced 
fluorescence 
 
Flash Photolysis = FP 
Electron Beam = ELB 
Thermal = TH 
 
2.8.2.  Theoretical studies 
 
On the theoretical modelling side, a large number of studies have addressed abstraction 
reactions from hydrocarbons by NH2.  Leroy et al.
344
 used the ab initio UHF/6-31G level to 
investigate H abstraction reactions of methane and NH2 and computed energies with those 
obtained at the CI (Configuration Interactions) level.  Transition state theory, with the 









.  Yu et al.
345
 determined the abstraction kinetics 
of methane and NH2 at UQCISD(T)/6-311 + G(2df, 2p)// UQCISD/6-311G level for the 









 was calculated based on the canonical variational 
transition state theory with small-curvature tunnelling correction.  Mebel and Lin
346
 executed 
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Gaussian-2 method (G2) computations to report rate constants for series alkanes with NH2 

















; primary H 








; secondary H 








; and, lastly, the 


















, respectively, at a temperature range of 27‒1827 
o
C.  At low temperatures, the 
computed rate constants – based on Wigner’s tunnelling correction – underestimate 
experimental values, while a good agreement was attained when Eckart’s tunnelling 
correction was applied.  Mebel and Lin
346
 computed that Ea values overestimate the shock 
tube experimental measurements for the temperature range 227‒1827 °C.  Clearly, future 




 employed the KMLYP hybrid density functional method with the 6-311G(d,p) 
basis set to study H abstraction from methane with NH2 over a temperature range of 27‒1827 













 studied the reaction dynamics and kinetics of atmospheric 
reactions of NH2 with C1–C3 alkanes.  The reaction mechanism suggested the formation of 
amines, followed by hydrogen abstraction by H radicals from the produced amines at B3LYP 
and MP2 levels of theory, using 6–311++G(3df,3pd) and 6–311++G(d,p) basis sets, 
respectively. 
 





 conducted theoretical work on the reaction of benzene with NH2 radicals using 
the hybrid meta-DFT functional of BB1 K.  By comparing the addition and the abstraction 


















) by about two orders of magnitude at all temperatures.  
Table 2.19 shows the theoretical work done for the reactions of hydrocarbons with NH2. 
  
Table 2.19.  A summary of theoretical studies that reports activation energies (kJ mol
-1
) and 






) for the reactions of RH with NH2. 






 417‒437  3.8×10
-12






 27‒1827  1.78×10
-11








 27‒1727  2.7×10
–11













 27‒1727  1.54×10
–11





 27‒1727  1.72×10
–11












  27‒1727  1.07×10
–11
  45.8 G2 







  27‒1727 1.11×10
–11





 27‒1727  6.47×10
-11
 68.8 BB1 K 
*
 iso-butane 
There is a scarcity of accurate reaction kinetics of hydrogen abstraction from alkenes and 
alkynes; and to a lesser extent from alkanes.  Likewise, the current literature does not report 
any experimental or theoretical kinetics values for the reaction of NH2 with aromatic 
compounds, even for the simplest aromatic compounds (except benzene), either theoretically 
or experimentally.  The discrepancies in literature and paucity of reaction kinetics drives our 
motivation in this thesis to report accurate kinetics parameters for H abstraction reactions of 
aliphatic hydrocarbons (alkanes, alkenes and alkynes) and alkylbenzenes (toluene, 
ethylbenzene and propylbenzene) by NH2 radicals. 
 
 
2.9.  Reaction kinetics of NO2 radicals and hydrocarbons 
 
The NO2 radicals owe high stability and the anticipated rate constants for the H abstraction 
generally assume low if compared with analogous values of NH2.  The hydrogen abstraction 
reaction of hydrocarbons by NO2 radicals depends primarily on the isomeric form of the 
resultant HNO2.  
 
R‒H + NO2 → R
∙
 + trans-HONO 
R‒H + NO2 → R
∙
 + cis-HONO 
R‒H + NO2 → R
∙
 + iso-HNO2 
 





 performed shock tube experiments for methane and NO2 over 
temperatures and pressures of 1027‒1627 °C and 200‒400 kPa, respectively.  Their reported 









).  In another study (P = 183‒365 kPa and T = 1037‒1790 °C), Slack
350
 noted the rate 








).  Yamaguchi et al.
351
 
employed ab-initio calculations to study reactions between methane and NO2, reporting a 

















 for HONO.  The iso-
HNO2 adduct was found to be more thermodynamically stable than the trans-HONO 
conformer.  Yamaguchi et al.
351
 reported that rate constants for methane + NO2 were a few 






 estimated the reaction rate constant for a variety of aliphatic alkanes, and only 
aromatic benzene.  The alkanes considered were methane, ethane, propane and iso-butane.  
They executed ab initio DFT calculations at the BHandHLYP/6-311G** level of theory.  
For trans-HONO, Chen et al.
352
 computed the reaction rate of the primary’s H removal from 

















, correspondingly.  For cis-HONO, 









.  Furthermore, iso-HNO2 isomer production from H 


















.  The kinetic parameters of the remaining reactions (propane, iso-butane and 
benzene) are listed in Table 2.10.  Overall, the aliphatic hydrocarbons showed comparable 
rates for cis-HONO and HNO over a temperature interval of 327‒827 °C, whereas the 
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reaction of NO2 with benzene proceeds with a faster rate into the cis-HONO channel rather 
than the trans-HONO and iso-HNO2 isomers below about 1127 °C. 
  
Chapter 2-Literature Review 
92 
 
Table 2.10.  Activation energies (kJ mol
-1







for the reactions of RH with NO2. 












 + HNO2 
CH3
∙




















 + trans-HONO  
CH3
∙




























 + trans-HONO  
C2H5
∙











































 + trans-HONO  
s-C3H7
∙
































 + trans-HONO  
t-C3H7
∙























For methane + NO2, both the previous finding from Yamaguchi and Chan demonstrated that 
the reaction rate constant for iso-HNO2 production is the fastest.  Chan et al.
352
 illustrated that 
the cis-HONO formation rate is nearly the same as iso-HNO2.  Conversely, the results of 
Yamaguchi et al.
351
 indicate that the rate constant for the channel leading to trans-HONO is 
significantly slower than iso-HNO2.  Overall, there is a clear paucity in theoretical and 
experimental kinetics values for H abstraction by NO2 from a large number of hydrocarbons. 
As elaborated, the relative importance of R-H + NO2 → R + trans-HONO, cis-HONO and 
iso-HNO2 is a subject of discrepancy among theoretical chemists.   
 
 
2.10.  Future directions  
 
The literature review surveys kinetics, formation mechanisms and abatement technologies for 
various small N-containing gases; namely NO, NO2, HCN, NH3 and N2O) and intermediates 
(e.g., NH2) formed during the combustion of solid fuel and NH4NO3, as well as from NOx 
mitigation methods.  Despite a great deal of experimental results, the precise, underlying 
mechanistic steps are still largely speculative.  Over the last decade or so, computational 
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chemistry methods have progressed enough to yield parameters that minimally deviate from 
analogous experimental measurements (for example, within 1.0 kcal/mol of an experimental 
BDH value).  Furthermore, main-stream experimental techniques such as GC-MS are unable 
to detect highly transient species such as intermediate and transition states.  For these reasons, 
mechanistic insight into the combustion chemistry of the title N-bearing species is best suited 
for purely theoretical investigation.  Table 2.11 presents some of the gaps highlighted in this 
review that require addressing by means of theoretical modelling and experimental 
measurements. 
 
Table 2.11.  Selected gaps in knowledge on N-containing species present in combustion and 
high energy density materials. 
Gap in knowledge Addressed in Chapter 
Accurate estimation of reaction kinetics for 
the abstraction of a hydrogen atom from 
hydrocarbons by NH2 radicals.  Considerable 
discrepancies exist in the kinetic parameters 
of R-H + NH2 → R + NH3 for a wide range 
of species, even the simplest C1‒C3 
hydrocarbons. 
Chapter 4 
Expanding the energy profiles and rate 
constants for H abstraction reactions of 
unreported aliphatic alkenes and alkynes with 
reactive NH2 radicals that may have profound 
effects on the product distribution in 
Chapter 4 
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combustion systems, yet to be determined. 
Thermochemistry and Arrhenius parameters 
pertinent to systems that consist of 
alkylbenzenes (i.e., major aromatic 
constituents in commercial transportation 
fuels) and NH2 radicals are not precisely 
known.  Analogous kinetic models often 
deploy values from corresponding species.   
Chapter 5 
The sensitising effect of NO2 on the fuel 
oxidation characteristics in combustion 
chemistry and nitro-containing explosives 
demands reliable estimation of kinetics 
dictating H abstraction from small chain 
hydrocarbons.   
Chapter 6 
The deployed selective non-catalytic 
reduction efficiency of NOx in combustion 
systems is overshadowed by the emission of 
N2O gas.  The inclusion of catechol, also a 
product of biomass combustion, may assist in 
reduction of N2O.  Reaction mechanism of 
N2O with hydroxylated benzene isomers 
requires a through kinetic and mechanistic 
investigation as a crucial step in the pursuit 
of improving non-catalytic selective 
Chapter 7 




Control of accident risks in mining sites 
requires complete understanding of NH4NO3 
decomposition mechanisms, especially those 
related to the condensed phase occurring in 
emulsion explosives. 
Chapter 8 
Biomass is extensively being used for the 
reduction of NOx.  As such, it is vital to 
explore the essential mechanistic parameters 
underlying the thermal decomposition of 
catechol (a product of biomass combustion) 
in a reactive NOx environment under 
oxidative condition.  There is a need to assess 
the effectiveness of biomass surrogates to act 
as potent NO scavengers.  
Chapter 9 
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This chapter collates a systematic research plan of the quantum chemical calculations, 
background theories, modelling tools and the experimental approach that includes chemicals, 
experimental rig and analytical techniques employed in this research under controlled 
conditions. 
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3.1.  Computational methodology 
 
In this thesis, we outline the theoretical tools we utilised herein to investigate the 
thermodynamics and kinetic parameters, and the mechanistic pathways involving selected N-
containing chemical species (NH2, NO2, NOx and N2O) related to combustion and high 
energy density materials.  In this chapter, we describe the mathematical formulations behind 
quantum chemical methods.  We devote a section to describing the electronic structure 
package of Gaussian09, which we used to carry out all computations reported in the thesis.  
The software utilises ab initio, density functional theory (DFT), semi empirical, and 
chemistry models.  Figure 3.1 illustrates an overview of the computation algorithm, retrieval 
of information and validation of the particular applied methods. 
 
 
Figure 3.1.  Flow representation of the applied computational plan. 
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3.1.1.  Ab initio methods 
 
The ab initio quantum chemistry method is solely based on principles of quantum mechanics.  
These methods are currently widely utilised to predict structure, energetics, chemical 
reactions and electronic descriptors.  For accurate computations, a number of approximations 
and mathematical transformations are applied to obtain solutions of the fundamental 
equations.  Quantum mechanics play a vital role and describes the dual nature of entities such 
as electrons that hold both wave-like and particle-like properties.  The domain of quantum 
mechanics relies on describing electron behaviour in molecular systems through the solution 
of the time-independent Schrödinger equation that is considered as the theoretical foundation 
of modern computational chemistry.  Equation 3.1 defines the stationary states of a quantum 
system for the Schrödinger equation: 
 
Ĥ𝛹 = 𝐸𝛹          E3.1 
 
Where Ĥ is the Hamiltonian operator that is associated with the observable energy; Ψ is the 
wave function, which defines the function of the particles position (electrons and nuclei) in 
the molecular system; E is the total energy of the system.  Ĥ is defined as: 
 
Ĥ = − ∑ (
𝛻2
2𝑚𝑖






𝑖       E3.2 
 
In equation 3.2, ∇ is the Laplacian operator acting on particle i represent the probability of 
finding an electron is given by: 
 







2 +  
𝜕2
𝜕𝑦𝑖
2 +  
𝜕2
𝜕𝑧𝑖
2)        E3.3 
 
In equation 3.3, i (particle) presents both electrons and nuclei; the symbol m is mass; qi is a 
charge of particle I; and rij is the distance between particles.  The first term in equation 3.2 is 
the kinetic energy of the particle within a wave formulation and the second term represents 
energy owing to the Coulombic attraction or repulsion of particles. 
 
The solution of the Schrödinger equation provides the energy and many other properties of 
the system by applying several approximations.  
 
3.1.2.  Hartree-Fock method 
 
The Hartree-Fock (HF) method is the primary and simplest method that solves the 
Schrödinger equation for polyelectronic systems based on the central approximations and 
serves as a basis for molecular orbital theory.
1-2
  It includes the Columbic repulsion term to 
describe electron-electron repulsion.
3
  The Hartree-Fock method assumes that electron 
motion does not depend on the instantaneous motion of other electrons in the vicinity; 
therefore, each electron senses the presence of another electron implicitly through an 
effective potential.  In HF theory, the movement of electrons’ (atomic or molecular wave 
function) total electronic wave function is depicted by the total electronic wave function 
known as the Hartree product, stated in the form of the following equation: 
 
Ψ𝐻𝑃(𝑟1, 𝑟2, 𝑟3, … … . . , 𝑟𝑁) =  φ1(𝑟1)φ2(𝑟2)φ3(𝑟3) … … . . φ𝑁   E3.4 
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where φ are one-electron orbitals. The equation 3.4 has proved fairly convenient; however, it 
poses one serious shortcoming, as it is unable to assure the wave function to follow 
antisymmetric principles for interchange space-spin coordinates.  Therefore, the HF product 
is modified to incorporate the spin orbital instead of the spatial orbital.  Spin orbital is the 
product of spatial orbital and spin function as χ(x) =  φ(r)α. 
 
Ψ 𝐻𝑃(𝑟1, 𝑟2, 𝑟3, … … , 𝑟𝑁) =  χ1(𝑟1)χ2(r2)χ3(𝑟3) … … . . χ𝑁    E3.5 
 
The modified Spin orbital wave function is presented in equation 3.6. 
 
Ψ𝐻𝑃(𝑟1, 𝑟2, 𝑟3, … … , 𝑟𝑁) =  −Ψ 1(𝑟1, 𝑟2, 𝑟3 … … . . r𝑁)     E3.6 
 
The HF energy is defined in the form: 
 
𝐸𝐻𝐹 =  𝐸𝑇 + 𝐸𝑣 + 𝐸𝐽 + 𝐸𝐾        E3.7 
 
In equation 3.7, the term ET is the electronic kinetic energy; EV is the electron-nuclear 
potential energy; EJ  is columbic energy; and EK is the HF exchange energy. 
 
3.1.3.  Electron correlation: Møller Plesset methods  
 
The Hartree-Fock method considers exchange and Columb interactions but ignores the 
electron correlations.  Møller Plesset theory improves the HF method by introducing electron 
correlation effects.  Therefore, it reduces the value of calculated energy compared to the true 
ground state energy.  The energy term is modified in the form of equation 3.8 as: 




𝐸𝑀𝑃 =  𝐸𝐻𝐹 + 𝐸𝑐𝑜𝑟𝑟         E3.8 
Ecorr is the electron correlation contribution that included as a perturbation from HF wave 
function that is first order perturbation in perturbation theory formulation. 
Among the non-perturbative methods are configuration interaction, the couple-cluster method 
and the quadratic configuration interaction. 
 
3.1.4.  Quadratic configuration interaction  
 
Configuration interaction (CI) method states the correlation of electrons of ground state Slater 




The true wave function does not include the contributions from ground state configurations; 
therefore, it is articulated as a linear combination of configuration functions for other states, 
written as: 
 
Ψ =  Σ𝑖(𝐶𝑖Ф𝑖)           E3.9 
 
Theoretical model chemistry CI methods should be well defined, size consistent and exact to 
provide the unique value of energy; a continuous potential surface and can be applied to a 
two electron system.  However, these CI methods were not size consistent, affording 
inaccurate results and excluding the triple substitution effect, although CI methods were 
variational, so computed energies corresponding to wave function is an upper bound to the 
true energy.  To satisfy the remaining requirements of size consistency and accuracy, the 
Quadratic Configuration Interaction (QCI) method was developed.
4
 




The CI equation was treated in a simple way by adding quadratic terms in a general 
substitution operator that restored the size consistency property by losing its variational 
character.  These substitutions become very useful as they provide a highly accurate 
estimation for organic molecules with low computational cost. In the case of single and 
double substitutions, the QCI method adopts the space configuration as single and double 
substituent (QCISD).  It also incorporates a limited account of triple substitution, though 
QCISD(T) accounts for triple perturbative.  The incorporation of a (T) correction in QCISD 





3.1.5.  Couple cluster method-CCSD(T) 
 
The couple cluster theory based on the exponential configuration of the wave operation and 
extended into cluster excitation operators.  Moreover, it is improved due to inclusion of 
higher excitation operator.  Triple (T) excitation is key factor for covalent and non-covalent 
interaction with more reliable CCSD(T) method.  This method featured by iterative inclusion 
of single and double excitations coupled with perturbative addition of triple excitation.  The 





3.1.6.  Density functional theory 
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Ab initio and HF methods are both used to calculate the electronic properties of atoms and 
molecules based on the electronic wave function.  These methods are confined due to the 
non-measureable electronic wave functions that are based on 3N (N is total number of 
electrons) spatial and one spin variables.
9
  Conversely, density functional theory (DFT) 
evaluates the properties based on a measurable quantity; i.e., electron density.
10
  Electron 
density can be estimated experimentally using electron diffraction or X-ray diffraction 
techniques.  Hence, DFT computes all electronic properties of atoms and molecule by 
calculating its electron density.  Therefore, DFT becomes one of the most commonly used 
computational methodology today that calculates accurate results as advanced ab initio 
methods such as the MP method, but with much reduced computational time that relies on 
three spatial coordinates (x,y,z).  The theoretical background of DFT depends on a number of 
theorems as discussed below: 
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3.1.6.1.  The Thomas-Fermi model 
 
The Thomas-Fermi (TF) model, was the first theoretical approach using electron density to 
calculate atomic and molecular properties in 1927
11
 and became the precursor to modern 
DFT.  The Thomas-Fermi model first postulates the idea of homogeneous electron gas 
(HEG); a function of electron density alone.  Electron density expressed a total number of 
electrons per unit volume.  Thomas-Fermi introduced the first TF kinetic energy functional 
equation articulated as a function of local electron density that is considered as a good first 
approximation of everything. 
 
𝑇𝐻𝐹[ρ] =  𝐶𝐹 ∫ 𝑒
5
8 (𝑟)𝑑3𝑟         E3.10 
 
In equation 3.10 ρ is a 3-dimensional electron density, 𝐶𝐹 is the total energy of HEG, and is 
equal to the value of 3/10(3π2)2/3.  The TF model is very good at describing atomic properties; 
however, it works poorly for complex systems or the system incorporating chemical 
interactions due to its inadequacy to include certain orbital configurations of electrons. 
 
3.1.6.2.  The Hohenberg-Kohn theorems 
 
In the 1920s, Fermi and Dirac attempted to model the atoms as a system of positively charged 
bodies found in a uniform electron-gas.  Current DFT relies mainly on Kohn-Sham 
theorem.
12
  Hohenberg and Kohn proposed the preliminary theorems to Kohn-Sham 
theorem.
13
  The first Hohenberg theorem proposed in 1964 states that the electron density in 
the ground state is estimated by the electron wave-function and obtains molecular electronic 
properties at ground level. Kohn theory further adds the information describing that electron 
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distribution energy is a function of electron density.  The first Kohn theorem includes the 
same ground state density for two different systems that were not possible in reality.  To fulfil 
this drawback, Hohenberg-Kohn proposed a second theorem, suggesting a ground state 
electron density that minimises the total energy as a function of electron density, also 
corresponding to the solution of Schrödinger’s equation.  Thus, the Hohenberg-Kohn energy 
is presented as: 
 
𝐸[ρ] = 𝑇[ρ] + 𝑉𝑒𝑒[ρ] +  𝑉𝑒𝑥𝑡[ρ]       E3.11 
 









𝑑𝑟1𝑑𝑟2 +  𝐸𝑛𝑐𝑙(ρ)      E3.12 
 
And Vext represents the external potential energy operating on the N-electron density, 
presented as: 
 
𝑉𝑒𝑥𝑡 [ρ] = ∫ ρ(𝑟)𝑣𝑒𝑥𝑡(𝑟)𝑑𝑟         E3.13 
 
Encl entails the effects of self-interaction corrections, Coulomb and exchange correlations and 
depicts the counterpart of electron-electron interactions. 
 
3.1.6.3.  Kohn-sham DFT 
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Density functional theory computational methods are employed in the fields of chemistry, 
physics and material sciences to calculate atomic and molecular electronic structures.
14
  
Current DFT methods use the Kohn-sham (KS) equation to depict all electronic properties.
12
  
The KS methods explain many particle interacting systems in the form of non-interacting 
particle systems
15
 that utilise the electron density of the interacting systems to show the 
effective potential of non-interacting particle systems called the density functional.  Thus, the 
KS equation computes the energy of molecules in terms of the energy (becomes the ideal 
energy) of fictitious non-interacting systems (set as a reference system). The ideal energy is 
usually obtained in the form of an exact value.  The deviation of energy (actual from the ideal 
system) is taken in the form of an unknown functional.  Therefore, the total energy in DFT is 
represented as the sum of (i) electronic kinetic energy (E
T
); (ii) the potential energy (E
V
) of 
electron-nuclear repulsion and interaction; (iii) energy of the electron-electron repulsion in 
addition to the electron density coulomb self-interaction (E
J









 term in the above equation includes the deviation correction factors of kinetic and 
potential energies from their ideal corresponding values in the non-interacting systems.  All 





functionals are presented as: 
 
𝐸𝐽(ρ) =  1 2⁄ ∬
(ρ(𝑟1)ρ(𝑟2)
𝑟12⃗⃗ ⃗⃗ ⃗⃗ ⃗
𝑑𝑟1𝑑𝑟2       E3.15 
 
𝐸𝑋𝐶(ρ) =  ∫ 𝜀𝑋𝐶
𝐾𝑆 (𝑟)ρ(𝑟)d𝑟                     E3.16 
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𝛻2 +  𝑣𝑒𝑥𝑡(𝑟) +  𝑣𝐻(𝑟) + 𝑣𝑥𝑐(𝑟)) ϕ𝑖(𝑟) =  Є𝑖ϕ𝑖(𝑟)     E3.17 
 
In the above equation, 𝑟 depict the position of 𝜙𝑖; Є𝑖 is the orbital energy of the corresponding 
KS orbital, 𝜙𝑖; and 𝑣𝑋𝐶  is the exchange-correlation potential, articulated as: 
 
𝑣𝑋𝐶(𝑟) =  
δE𝑋𝐶[ρ(r)]
δ[ρ(r)]
         E3.18 
 
3.1.6.4.  The exchange-correlation functional 
 
The correlation energy functional is known for the KS DFT depending on the function ρ(r).  
The exact exchange-correlation functional is not known in DFT and, therefore, it is difficult 
to obtain good values for the exchange function.  Therefore, a number of approximations 
were introduced since the development of DFT in order to obtain their accurate values. 
Initially, E
XC 
was computed as a function of electron spin density ρ and its gradient ∇ρ.  
Perdew
16
 first attempted to obtain the exchange functional approximation by developing a 
method called “Jacob’s ladder”.  The functionals are arranged on the rungs of a ladder based 
on their level of complexity, leaving HF approximation at the bottom and exact exchange 
functional correlation at the top within the framework of local density approximation 
(LDA)
17
.  The LDA method is applied to the homogeneous electron gas where ρ(r) changes 
very slowly with respect to r.  The LDA approach provides larger values of cohesive and 
dissociation energies in comparison to experiments
18-20
 owing to the fact that electron density 
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in the gas phase varies considerably with respect to position.  Thus, LDA is considered as a 
non-feasible option for rapidly changing density systems. 
 
To overcome this shortcoming, generalised gradient approximations (GGAs) known as 
“semi-local” functionals have been proposed that deploy electron density along with its 
gradient.  GGA method proved to be more accurate than LDAs in computing various 
properties of solids and molecules such as geometries and ground state energies.
21
  These 
approximations are suitable for the system accompanied by weak covalent bonds. The Becke-
88 exchange functional (B88)
22
, the Lee-Yang-Parr (LYP),
23
 and Perdew-Wang exchange 
functional (PW91)
24
 are the most employed GGA functionals.  One of the most employed 
GGA functional is meta-GGA ,
25-26
 which lies in the rung above GGAs on the Jacob’s ladder 
and utilises kinetic-energy density as an additional functional ingredient.  Meta GGA 







, etc. M05 and M06-2X,
28
 functionals are 
applied essentially for the electronic excitation energies and noncovalent interactions as well 
as thermochemistry and reaction kinetics.  The M05 and M06 series functionals are entirely 
reported for “medium-range” electron correlation since these series are parametrised for the 




3.1.7.  One-Electron basissets 
 
The linear arrangements of atomic orbitals (AOs) , linear combination of one electron 
function, produce molecular orbitals (MO).
31
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3.1.7.1.  Pople basis sets 
 
People and co-workers developed the Pople basis sets or a split-valence basis set which is an 
extended basis sets and splits the MO into core and valence shell orbitals.
32
  Core and valence 
shell orbitals are described by three or more Gaussian primitives and two or more primitives, 
respectively.  The basis set functions are defined as L-M1M2M3G notations and L represents 
the primitive’s numbers of core basis function, and M depicts the each valence shell number 
orbital basis functions.  To elaborate the discussion, for example, the 6-311G basis set for 
carbon uses six primitives to elucidate the core 1s orbital and three basis functions to explain 
each of the 2s and 2p orbitals that accumulate a total of 13 basis functions.  The three valance 
shell basis function consists of one 3 primitives and other 2 has 1 primitives only.  For the 
accurate distribution of the above basis function, polarisation (d, p or f orbitals) and diffuse 
function may be included in the basis set.  The addition of the polarisation function 
represented as * and diffuse function denoted by + can be used for the polarisation of AO 





3.1.7.2.  Correlation consistent basis sets 
 
Dunning developed the correlation-consistent basis sets to extract the maximum electron 
correlation energy for each atom.
34-36
  The correlation-consistent basis sets is abbreviated as 
“cc-pVNZ”, which is shorthand for correlation (cc) polarised split-valence (pV) N-zeta (NZ), 
where N shows the degree to which the valence space is split.  For carbon, the cc-pVDZ basis 
sets relate to DZ in the valence region and contain a single set of d function.  For cc-pVTZ 
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3.1.8.  Quantum chemical methods for studying reaction pathways 
 




 method is used to simplify the Schrödinger 
equation for a molecule with the assumption of non-existence of the nuclear velocity.  The 








𝑖=1 −  ∑ 𝑉(
𝑁
𝑖=1 𝒓𝑖) + ∑ ∑ 𝑈(𝒓𝑖,𝒓𝑗)𝑗<1  
𝑁
𝑖=1 ⌋𝛹 = 𝐸𝛹                        E3.19 
 
The first, second and the third terms are kinetic energy of electrons, attraction of electrons to 
nuclei and the repulsion between electrons, respectively.  The Born-Oppenheimer 
approximation describes the change in the electronic energy of molecules with molecular 
nuclear geometry and developed potential energy surface.  Thermodynamic properties of the 
reactants, products and transition states offer measurement of the thermodynamics and 
chemical kinetics based on the transition state theory (TST).  TST is basically determined the 
way of chemical reaction take place via the accurate properties of the PES such as harmonic 
vibrational frequencies, rotational constants and energies.
38-39
. The determination of minima 
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on PES is more reliable using gradient based methods as compared to the energy only 




The intrinsic reaction coordinate (IRC) provides useful information along the path of PES 
connecting the reactants, transition states and products. Not only it determines the barrier 




3.1.9.  Applied methods 
 
M05 and M05-2X functionals relate to the fourth rung of Jacob’s ladder.  They include 
electron spin density, kinetic energy density, density gradient (semi local) and HF exchange 
(nonlocal) and are known as hybrid meta-GGAs.
30
  The energetics computed from the M05 
functionals are dependent on the chosen quadrature grid and considered in, for example, 
Wheeler and Houk,
42
 who performed a detailed sensitivity analysis for M05-2X functional to 
increase the factor of the kinetic energy density.  Specifically, M05-2X is a hybrid meta-
exchange correlation functional that is generally is suitable for the thermo-kinetic parameters  
for general applications in organic chemistry.  Meta-hybrid methods afford, in general, 
relatively accurate structures and energies for open and closed shell species alike, in reference 
to the more computationally expensive chemistry models such as CBS-QB3 and Gn methods.  
Energies acquired at the M05-2X functional provide minimum grid error due to the 
convergence of the functional regarding the integration grid.
42-43
  For the noncovalent 
interactions, Hohenstein et al. 
44
 have demonstrated that M05−2X offer substantial 
enhancement over conventional density functionals and justified via the JSCH-2005 test set.  
Moreover, researchers describe the model functional M05-2X/6-31+G(d,p) as an accurate 
(the highest correlation (R = 0.9958)) optimising and computational method presented when 
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compared with the experimental findings.  This result indicated that M05-2X is suitable for 
studies based on the estimation of neutral structure phenolic chemical species.
45
  Herein, we 
deployed M05-2X method to investigate the reduction of N2O using catechol and 
decomposition of ammonium nitrate molecules in the gas phase and under an aqueous 
medium. 
 
Advancement in quantum mechanical configuration and structural theory introduced an 









 and the complete basis set (CBS).
50
  
For small and low sized molecules, the accuracy associated with these methods generally lies 
within 1-2 kcal mol
-1
 from analogous experimental measurements. 
 
The complete basis set models include the chemistry models of CBS-4, CBS-q, CBS-Q, 
CBS-APNO, and CBS-QB3.  The mean absolute deviation (MAD) of CBS-4, CBS-q, and 
CBS-Q is 2.0, 1.7 and 1.0 kcal mol
-1
, respectively.  CBS-APNO displays a much better 





QB3 provides improved results as compared to CBS-Q due to consistency in geometry 




CBS-QB3 utilises low level of self-consistency field (SCF) and zero point energy estimations 
that involve small, large and mid-sized basis sets for high-level correlation and second order 
correlation corrections, respectively.  The CCSD(T) level energy extrapolation is included in 
this approach
51-52, 56-59
 that corrects Møller-Polleset second order energies.
28
  Overall, the 
CBS-QB3 method involves the use of the B3LYP method for geometry and frequency 
calculations with 0.99 ZPE correction factor, and uses the CCSD/6-31+G* and MP4(SDQ)/6-
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31+G(d(f),p) single point energy estimation. CBS-QB3 is corrected for the error of truncation 
of the basis set.  The N
-1
 MP2 asymptotic convergence is used to extrapolate energies to the 
CBS limit.
52-53, 56, 60
  the accuracy of the CBS-QB3 from previous literature
60-63
, especially for 
H transfer reactions,
64
 set grounds for its use in the theoretical calculations reported in this 
thesis. 
 
A comprehensive variety of computational methods are available for the modelling of the 
chemical reactions.  As such, it is vital to explore and confirm the suitability of the chosen 
method for the specific type of reaction systems.  This is achieved by running benchmarking 
calculations on similar reactions, for which experimental data are available that offer 
reliability of un-probed chemical species thermochemistry and reaction kinetics.  
Furthermore, the selected computational methodology, such as CBS-QB3 for the hydrogen 
abstraction/transfer reactions, is confirmed from the recent research conducted. In most parts 
of the thesis, we deploy CBS-QB3 calculations to investigate H abstraction reactions from 
low carbon range aliphatic and modelled alkylbenzene using NH2 and NO2 radicals. 
 
3.1.10.  Solvation method 
 
The theoretical methods explained thus far relate to the estimation of gas phase molecular 
energies that include isolated and non-interacting molecular species; however, when studying 
the decomposition of Ammonium nitrate in liquid phase, we must account for the interaction 
of reactants and the solvent.  These calculations are performed using solvation methods
65
 and 
explicitly added water molecules at CBS-QB3 and M05-2X/6-311+G(d,p) level of theories.  
Solvation methods resemble self-consistent reaction field (SCRF) and polarisable continuum 
models (PCM).  These models offer an alternative for the generally more expensive 
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calculations involving explicit water molecules via representing a homogenous continuum of 
the even dielectric constant.  These models execute an iterative process and measure 
electrostatic solute-solvent interactions for the solute placed inside ta cavity and surrounded 
by continuum.  Numerous models have been developed to illustrate the solvent cavity
66
 and 




The general accuracy of PCM is within ± 4 kJ mol
-1
 for neutral species while an average of 
±2-60 kJ mol
-1
 is computed for larger ionic chemical moieties.  Advancements in PCM 
methods focusing on a short range interaction of the solvent area displays an accuracy of ± 2 
kJ mol
-1
 and ± 17 kJ mol
-1
 for neutral and charged species, correspondingly.
67
  The 
underlying research adopted a continuum solvation model density-polarizable continuum 
model (SMD-PCM) to simulate the effect of bulk water on the enthalpic trends during 
decomposition of AN in the condensed phase.  
  
Chapter 3 ‒ Research and Methodology 
144 
 
3.2.  Computational tools 
 




 performs optimisation of molecular structures and computations of energies, 
vibrational frequencies, and molecular properties through a wide array DFT, chemistry model 
methods and ab initio methods; Gaussian computational chemistry software is used for both 
simple and complex systems and applied for the short-lived species appearing in 
experimental measurements, such as intermediates and transition structures for both gaseous 
and aqueous phases.  The software predicts the kinetics and thermodynamics of chemical 
reactions by computing the difference in thermodynamic parameters for optimised structures.  
Gaussian09
68
 efficiently locates transition structures (intermediate adduct; state between 
reactant and product) and verifies their minimum values to investigate the reaction pathways.  
Guassian09 used intrinsic reaction coordinates (IRC) to link the respective reactants, products 
and transition geometries.
69
  The features of IRC calculations enable one to verify the nature 
of the located transition structure.  Obtained reaction barriers, along with vibrational 
frequencies for reactants and transition states, are then used to estimate reaction rate 
parameters through the application of conventional transition state theory or variational 








 program serves to compute reaction rate coefficients and Arrhenius parameters, 
along with the molecular thermodynamic properties at different temperatures and pressures 
under steady and non-steady conditions.  The software estimates temperature-dependent 
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thermodynamic properties of both reactions and chemical species.  It works by using the 
database of unimolecular reactions and database of experimental results in relation to 
transition states and molecular structures.
72
  In ChemRate, a master equation solver is 
designed based on Rice–Ramsperger–Kassel–Marcus theory (RRKM)
73-74
 (for unimolecular 
reactions).  It also deployed the transition state theory (TST)
75
 along with treatment for 
hindered rotors and tunnelling to estimate reaction rate parameters for bimolecular reactions 
and unimolecular reactions (at the high- pressure limit for the latter). 
 
3.2.3.  KiSThelP 
 
KiSThelP, a kinetic and statistical thermodynamic package programme, was developed to 
compute molecular and reaction properties by using electronic structure data
76
 extracted from 
(Gaussian, GAMESS, and NWChem) output files.  Kisthelp executes statistical mechanics 
calculations based on ab initio quantum chemistry data.  This data is treated based on the set 
algorithm and converted into the desired molecular thermodynamic properties, thermal 
equilibria and reaction rate parameters
77-78
.  This is achieved by preparing input files that 
contain molecular mass, potential energy, electronic degeneracy, rotational symmetry 
number, vibrational frequencies and inertial moment data.  The kinetic parameters of gaseous 
reactions are obtained via conventional TST, variational transition state theory (VTST)
79
 and 
RRKM theory.  One-dimensional tunnelling treatment (Wigner correction or the Eckart 
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3.3.  Experimental methods 
 
3.3.1.  Chemicals 
 
We studied the decomposition of NO in the presence of a biomass surrogate (Catechol) 
compound, a solid white to faintly beige powder, purchased from Sigma Aldrich (Australia) in a 
purity of purity > 99.0 %. A high purity (99.999 %) helium carrier gas was acquired from BOC 
Australia.  Helium gas serves three purposes: 1) as a carrier gas for the reaction system; 2) in 
a triple quadruple mass spectrometer (QQQ-MS); and 3) for quantification of N2.  The 
reaction gas nitrogen oxide, total NOx 1036 ppm balance with helium, was purchased from 
core gas with the certified relative uncertainty of 5 %. 
 
3.3.2.  Experimental procedure 
 
3.3.2.1.  Apparatus 
 
A laboratory scale bench type apparatus was constructed to investigate the gas phase 
interaction of NOx and Catechol. The experimental setup divided into one of three main 
streams: (i) a solid vaporiser; (ii) isothermal horizontal tubular reactor; and (iii) a product 
collection system for capturing chemical species.  Figure 3.2 depicts a schematic diagram of 
the experimental assembly.  Solid fuel (catechol) loaded into vaporiser tube of 10 mm 
diameter (i.d.) at ambient temperature.  The vaporiser tube is fixed in high temperature, 
forced convection with vertical draught (manufactured by S.E.M Pty Ltd) oven equipped with 
inlet and outlet gas flow lines and accurate temperature controller (digital PID control).  The 
oven is set at 80ºC to evaporate reactant and a gas stream of helium passed through the 
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vaporiser tube carrying the catechol vapours and entering into the reactor.  The concentration 
of NO maintained at 600 ppm and catechol loading of 0.1 mole % ± 5 % into the reactor, 
delivering a fuel-oxygen equivalence ratio of 𝜙 =1.25. 
 
 
Figure 3.2.  Schematic diagram of the experimental setup. 
 
The reaction unit included a superior purity (>99.995 %) quartz reactor (H. Baumbach & Co 
Ltd, USA) with dimensions of 12.7 mm O.D., 10 mm I.D., and 960 mm length, 235 mm
3
 
volume.  The reactor tube is placed along the center line of a 3-zone horizontal furnace 
(Labec HTFS40/300-3).  The furnace is fitted with accurate temperature controllers (UDAIN 
708, the accuracy of 0.2 %, Australia) for each zone independently.  Furnace calibration is 
performed to verify the region of the isothermal zone (specifically the central region) by 
using an external thermocouple positioned and moved horizontally along the center line; it 
found accuracy within ± 5 
o
C along the distance of 12 cm to 40 cm, as shown in figure 3.3.  
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To keep the inlet flow of gases and residence time (2 s) constant and to run the experiments at 
different operating temperatures, we placed two high-purity, hollow at one end, closed rods 
(9.5 mm O.D.) on opposite sides of the reactor tube.  The one end of the reactor is connected 
with the feed preparation section (vaporiser) and a second end is attached to the product 
collection system.   
 































Figure 3.3. Temperature profile of horizontal tubular furnace. 
 
3.3.3.  Experimental procedure 
 
The gas phase analysis consists of in-situ experiments measurements. 
 
3.3.3.1.  Gas-phase analysis 
 
The exit line of the reactor is designed to capture nitrogen (N2), nitric oxide (NO), nitrogen 
dioxide (NO2), ammonia (NH3), small hydrocarbons, hydrogen cyanide (HCN), carbon 
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monoxide (CO) and carbon dioxide (CO2).  We performed two runs for each experimental 
condition due to different product analysis techniques.  In the first run, the gaseous products 
from the exit of the reactor tube directed to a Perkin Elmer Fourier transform infrared 
spectroscopy (FTIR) via heater (140
o
C) transfer line for the online analysis.  In the second 
run, the outlet of the reactor is connected simultaneously to the NOx analyser and micro gas 
chromatogram (GC).  The outer stream of product gases distribute into two parts.  The first 
part enters into the Thermo Scientific model 42i-HL NOx analyser to determine the 
concentrations of nitrogenous oxygenated compounds like NO and NO2.  A second fraction 
of gases after passing through successive trays of 1M NaOH, 0.1M H2SO4 and bed of silica 
gel to remove acidic, basic and moisture content of product gases, correspondingly, and then 
pass through Agilent 490 micro-gas chromatography (µ-GC) for the measurement of 
molecular N2.  Prior to each experiment, the reactor tube is cleaned with solvent and purged 
with a stream of nitrogen, first followed by helium gas in order to remove all contaminants 
from the preceding runs.  
 
3.3.3.2.  Fourier transform infrared spectroscopy 
 
A Fourier transform infrared (FTIR) spectroscopy (Perkin Elmer) facilitated the in-situ 
analysis of reactants and products pertinent to experimental work.  The experimental rig is 
facilitated with a heated Teflon transfer line (at 140 
o
C) downstream of the reactor that 
prevents condensation of volatile products and further directs to the gas cell of the FTIR 
instrument.  The identification of different species is ensured through the gas cells with path-
length at 2.4 m (online analysis, volume at 100.0 ml).  The Linear response between the 
species concentration and absorption value (usually < 0.7) will ensure the better quantitation 
of the identified chemical species.  The spectrometer averaged 32 accumulated scans per 
Chapter 3 ‒ Research and Methodology 
150 
 
spectrum at 1 cm
-1
 resolution.  The gas cell of FTIR compartment was flushed with high 
purity of helium three times prior to obtaining a background spectrum.  The in-situ recording 
of the spectrum displayed with the background automatically subtracted from the sample 
spectrum.  The desired product gases were quantified using QASoft program based on a 
standard spectrum available from the QASoft library. 
 
3.3.3.3.  Micro Gas chromatography 
 
Agilent 490 micro-gas quad chromatography, 20 m MolSieve-5A column, heated injection 
assisted N2 quantitation using thermal conductivity detector.  Helium gas is used as a mobile 
phase for the instrument.  Calibration and analysis of the N2 are conducted at the injector and 
column temperatures of 70 
o
C with injection and run times of 40 ms and 300 s, respectively. 
 
3.3.3.4.  Chemiluminescence NOx analysis  
 
Chemiluminescence NOx analysis provides the in-situ quantification of the NO and NO2 to 
probe the reduction of the NOx, majorly NO, from biomass fragments.  NOx 
chemiluminescence principle operation is based on the specific luminescence that results 
from the decay of excited NO2 to lower energy states.  The air sample is routed to ozonator 
via solenoid valves to get the necessary ozone for the chemiluminescence reaction.  The 
ozone reacts with the NO from the product gases and generates NO2 that was subsequently 
converted into NO by molybdenum convertor operated at 350 
o
C, or at 625 
o
C in a stainless 
steel chamber.  Automatic mode operation of the NOx analyser allows a minimum average 
time of 10 s. 
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3.3.3.5.  Gas chromatography mass spectrometry 
 
We use advanced Shimadzu GC-QQQMS instrument for the identification and quantification 
of catechol.  This instrument consist of a gas chromatograph (GC) unit for the separation of 
components (GC-2010 plus) and a triple quadrupole mass analyser (QQQMS) for 
quantitation of components masses (QQQMS-TQ8040 series, Shimadzu Japan).  In GC unit, 
a temperature-controlled capillary column separates the products into its individual 
components.  The volatile components travel faster and elute (retention time) before as 
compared to the components with high boiling points and enter into MS through a transfer 
line. 
 
In GC-QQQMS, a constant flow rate of helium (a carrier gas) was maintained at 1.5 ml min
-1
.  
The GC oven temperature programmed at 30 °C for initial 3 min, and then the temperature 
was raised to 100 °C at the rate of 4 °C min
-1
.  Finally staying for 2 min at 100 °C, it was 
increased at 6 °C min
-1
 to final temperature of 250 °C.  The temperature of injectors and ion 
sources was kept at 250 °C and 200 °C, respectively.  The ionisation electron impact voltages 
were set at 70 eV.  The eluted catechol specie is identified by comparing its mass spectra with 
information from the NIST library.  Later, we validated the identified specie by the injection 
of genuine standards.  Analysis mode used is Q3scan with ions transmission mode.  
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This chapter develops the comprehensive data of H abstraction reactions from wide range 
hydrocarbons by NH2 radical.  Further, this contribution compares the computed reaction 
kinetic with the analogous experimental data in gas phase medium and set out the accuracy 
for the first ever reported kinetics of the R-H + NH2 systems. 
  
Hydrogen Abstraction from Hydrocarbons by NH2  
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4.1.  Abstract 
 
This chapter investigates thermokinetic parameters of bimolecular gas-phase reactions 
involving the amidogen (NH2) radical and a large number of saturated and unsaturated 
hydrocarbons.  These reactions play an important role in combustion and pyrolysis of 
nitrogen-rich fuels, most notably biomass.  Computations performed at the CBS-QB3 level 
and based on the conventional TST yield potential-energy surfaces and reaction rate 
constants, accounting for tunnelling effects and the presence of hindered rotors.  In an 
analogy to other H abstraction systems, we demonstrate only a small influence of variational 
effects on the rate constants for selected reaction.  The studied reactions cover the abstraction 
of hydrogen atoms by the NH2 radical from the C‒H bonds in C1‒C4 species, and four C5 
hydrocarbons of 2-methylbutane, 2-methyl-1-butene, 3-methyl-1-butene, 3-methyl-2-butene, 
and 3-methyl-1-butyne.  For the abstraction of H from methane, in the temperature window 
of 300‒500 K and 1600‒2000 K, the calculated reaction rate constants concur with the 
available experimental measurements i.e., kcalculated/kexperimetal = 0.3‒2.5 and 1.1‒1.4 and the 
previous theoretical estimates.  Abstraction of H atom from ethane attains the ratio of 
kcalculated/kexperimetal equal to 0.10‒1.2 and 1.3‒1.5 over the temperature windows of available 
experimental measurements; i.e., 300‒900 K and 1500‒2000 K, respectively.  For the 
remaining alkanes (propane and n-butane), the average kexperimental/kcalculated ratio remains 2.6 
and 1.3 over the temperature range of experimental data.  Also comparing the calculated 
standard enthalpy of reaction (ΔrHº298) with the available experimental measurements for 
alkanes, we found the mean unsigned error of computations as 3.7 kJ mol
-1
.  This agreement 
provides an accuracy benchmark of our methodology, affording the estimation of the 
unreported kinetic parameters for H abstractions from alkenes and alkynes.  Based on the 
Evans-Polanyi plots, calculated bond dissociation enthalpies (BDHs) correlate linearly with 
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the standard enthalpy of activation (Δ⧧Hº298), allowing estimation of the enthalpy barrier for 
reaction of NH2 with other hydrocarbons in future work.  Finally, we develop six sets of the 
generalised Arrhenius rate parameters for H abstractions from different C‒H bond types.  
These parameters extend the application of the present results to any non-cyclic hydrocarbon 
interacting with the NH2 radical. 
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4.2.  Introduction 
 





 coal nitrogen gasification
4
 and oxidation of 
volatile nitrogen-bearing compounds in biomass.
5
  Reactions involving NH2 assume central 
importance in NOx abatement technologies, including the thermal DeNOx and NOxOUT 
processes.
6-8
  In the aforementioned combustion systems, NH2 originates mainly from two 
pathways, oxidation of NH3
9
 and decomposition of HCN.
10
  Hydrogen cyanide (HCN) 
appears as a primary product when nitrogen atom forms part of an aromatic ring.
11
  Ammonia 
evolves when a fuel contains NH2 groups.
12
  In general, thermal decomposition of nitrogen-
rich fuels produces ammonia, HCN and isocyanic acid (HNCO).
13
  Formation of NH2 from 
the decomposition of HCN proceeds via a complex reaction mechanism summarised as 
follow: 
 
HCN + NCO ⇌ CN + HNCO  
 
HNCO + H ⇌ NH2 + CO 
 
The direct abstraction of hydrogen atoms from alkanes by NH2 produces ammonia and alkyl 
radicals.  Literature reports numerous experimental measurements of the kinetic parameters 
for these reactions, over a wide range of operational T-P conditions (300‒3000 K, 0.4‒93.0 
kPa).  For example, Ehbrecht et al.
14
 and Hack et al.
15
 operated an isothermal flow reactor 
equipped with a laser-induced fluorescence to measure histories of NH2 consumption in a 
temperature range of 400 to 1080 K, for reactions of NH2 with CH4, C2H6, C3H8, i-C4H10, 
and cyclohexane.  In another study, Hennig and Wagner
16
 deployed a shock tube to measure 
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the reaction rate constant of NH2 with methane, ethane, and propane at temperatures between 
1500 and 2100 K.  Demissy and Lesclaux
17
 implemented flash photolysis employing laser-
resonance absorption for detection of NH2 and measured reaction kinetics of H abstraction 
reactions for a series of alkanes at temperatures between 300 and 520 K. 
 
In contrast to experimental work, available theoretical data are rather scarce and limited to 
reactions of NH2 with few saturated hydrocarbons.  Leory et al.
18
 investigated reaction of 
methane with NH2 at the CI/6-31G//UHF/6-31G level of theory.  Another computational 
study employed UMP2, CCSD(T)//UMP2 and B3LYP approaches to examine the same 
reaction.
19
  Mebel and Lin
20
 performed Gaussian-2 method (G2M) computations to construct 
potential energy surfaces and to report rate constants for reactions of alkanes (CH4, C2H6, 
C3H8, and i-C4H10) with NH2. Valadbeigi and Farrokhpour
21
 studied the dynamics and 
kinetics of atmospheric reactions of NH2 with C1‒C3 alkanes that form amines and then the 
subsequent H atom abstraction by hydrogen from the produced amines, at B3LYP and MP2 
levels of theory.  Song et al.
22
 elucidated the H abstraction from CH4 with NH2, both 
experimentally and computationally.  Their experiments involved shock tube studies to 
measure the rate constant in a temperature window of 1591‒2084 K, whereas their 
computations employed KMLYP hybrid density functional method with the 6-311G(d,p) 
basis set over temperature range of 300‒2100 K. 
 
The current contribution reports the results of accurate CBS-QB3 investigations into 
reactions of NH2 with the complete series of C1‒C4 hydrocarbons, and 2-methylbutane, 2-
methyl-1-butene, 3-methyl-1-butene, 3-methyl-2-butene, and 3-methyl-1-butyne.  Literature 
provides no kinetic data of reactions of NH2 with alkenes and alkynes.  Thus, in addition to 
the reactions of NH2 with C1‒C4 alkanes considered by Mebel and Lin
20
, we also explore 
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reaction with n-butane, short-chained alkenes and alkynes and selected C5 species.  To aid in 
discussion and presentation of the results, prefixes p, s, and t precede the formed radicals to 
denote removal of a hydrogen atom from primary, secondary and tertiary C‒H bonds, 
respectively.  Prefix a refers to an allylic hydrogen attached to the carbon adjacent to the sp
2
 




This chapter aims to: (i) present potential energy profiles for reactions of NH2 with C1-C5 
hydrocarbons listed in Table 4.1 as R1‒R16, (ii) compute the reaction rate constants and fit 
them to an Arrhenius equation over a temperature range of 300‒2000 K, and (iii) develop a 
relationship between the standard enthalpy of activation (Δ⧧Hº298) and the bond dissociation 
enthalpy (BDH) for the title reactions.  Guided by our computed BDHs values as well as the 
experimental BDHs compiled by Luo,
23
 we generally limit the kinetic analysis for H 
abstraction from the weakest C‒H site.  However, for some molecules, we also present 
reaction rate parameters for competing channels; for example, primary versus secondary sites 
in linear alkanes, secondary versus tertiary sites in branched alkanes and allylic versus 
vinylic sites in alkenes.  For alkanes, the current analysis yields estimates of kinetic 
parameters in close agreement with the experimental values reported in literature.  For 
alkenes and alkynes reacting with NH2, we provide first ever estimates of the kinetic 
parameters, unavailable from other sources.  Grouping the kinetic parameters by bond types 
allows us to propose average values of the Arrhenius constants, for H abstraction by the NH2 
radical, for a wide range of non-cyclic hydrocarbons. 
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Table 4.1.  H abstraction reactions from C1‒C5 via NH2 radical in gas phase system. 
Hydrocarbons Reactions  
methane CH4 + NH2 → NH3 + p-CH3 R1 
ethane C2H6 + NH2 → NH3 + p-C2H5 R2 
propane C3H8 + NH2 → NH3 + p-C3H7 
C3H8 + NH2 → NH3 + s-C3H7 
R3a 
R3b 
n-butane n-C4H10 + NH2 → p-C4H9 + NH3 
n-C4H10 + NH2 → s-C4H9 + NH3 
R4a 
R4b 
i-butane i-C4H10 + NH2 → p-C4H9 + NH3 
i-C4H10 + NH2 → t-C4H9 + NH3 
R5a 
R5b 
2-methylbutane C5H12 + NH2 → t-C5H11 + NH3 R6 
propene C3H6 + NH2 → v-C3H5 + NH3 
C3H6 + NH2 → a-C3H5 + NH3 
R7a 
R7b 
1-butene 1-C4H8 + NH2 → p-C4H7 + NH3 R8 
2-butene 2-C4H8 + NH2 → a-C4H7 + NH3 R9 
2-methyl-1-butene C5H10 + NH2 → a-C5H9 + NH3 R10 
3-methyl-1-butene C5H10 + NH2 → p-C5H9 + NH3 
C5H10 + NH2 → a-C5H9 + NH3 
R11a 
R11b 
ethylene C2H4 + NH2 → v-C2H3 + NH3 R12 





4.3.  Computational methodology 
 
We perform geometry optimisations, vibrational frequency calculations and total energy 




suite of programs.  The absence of imaginary frequencies verifies the true minima of 
reactants and products while a transition structure retains one, and only one, imaginary 
frequency along the specified reaction coordinate.  CBS-QB3 approach optimises geometries 
at the B3LYP/CBSB7 level of theory and employs the Møller–Plesset second-order energies, 
empirical and spin orbit
25-27
.  CBS-QB3 methodology corrects for spin contamination in 
open-shell species through the energy factor 2 2
spin 0.00954( )thE S S        in which 
<S
2
> stands for the actual eigenvalue for the S
2
 operator and S
2
th signifies the corresponding 
theoretical value (i.e., 0.75 for a doublet).  
 
 Literature has established the satisfactory performance of the CBS-QB3 method in 
predicting thermochemical and kinetic parameters for H abstraction/transfer reactions.
28
  To 
further demonstrate the satisfactory performance of the CBS-QB3 method, Table S4.1 in the 
supporting information contrasts reaction and activation enthalpies for three selected 
reactions (R1‒R3) with analogous values obtained by the CBS-APNO and G4 composite 
3-methyl-2-butene C5H10 + NH2 → a-C5H9 + NH3 R13 
1-butyne C4H6 + NH2 → s-C4H5 + NH3 R14 
2-butyne C4H6 + NH2 → p-C4H5 + NH3 R15 
3-methyl-1-butyne C5H8 + NH2 → t-C5H7 + NH3 R16 
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methods.  The CBS-QB3 and CBS-APNO values reside within 2.0 kJ mol
-1
.  Mean unsigned 
errors for the difference in reaction and activation enthalpies between CBS-QB3 and G4 
values attain values of 1.48 and 2.94 kJ mol
-1
; respectively.  Clearly, this indicates the 
comparable performance of the CBS-QB3 with the more computational intensive chemistry 
models. 
 
The close agreement between these methods concurs with a detailed analysis carried out by 
Simmie et al
29
. compared the two methods on enthalpies of formation and bond dissociation 
energies of selected alkyl hydroperoxides.  While reaction enthalpies by the G4 method are 
closer to corresponding values of the CBS-QB3; the former method overshoots activation 
enthalpies by the latter by up to 5.0 kJ mol
-1
.  Nonetheless, the CBS-QB3 computations are 
typically executed at a fraction of the time required in G4 calculations; rendering the latter to 
be not feasible for relatively large systems.  A recent study by Somers and Simmie
30
 has 
demonstrated that the G4 method systematically outperforms the CBS-QB3 method in 
predicting enthalpies of formation for closed- and open-shell CxHyO species, however, 
literature provides no corresponding kinetic benchmarking.  The CBS-QB3 remains the most 
widely deployed accurate and cost-effective” method in routine kinetics and thermodynamics 
computations pertinent to combustion reactions. 
 
Calculations of the intrinsic reaction coordinates (IRC) connect all transition structures with 
their analogous reactants and products.  We quote all calculated standard activation and 
reaction enthalpies at 298.15 K.  All computed values of C‒H BDHs for hydrogen attached 
to primary, secondary, tertiary, vinylic and allylic carbons display a mean unsigned error of 
below 7.1 kJ mol
-1
, in comparison with the analogous experimental measurements 
summarised in Table S4.2 of Appendix I.  





, a kinetic and statistical thermodynamic package, estimates reaction rate 
constants based on the formalism of the TST.
32-33
  We account for the effect of quantum 
tunnelling on computed rate constants by using a one-dimensional asymmetrical Eckart 
barrier.
34
  In estimation of the correct reaction degeneracy, we follow the approach of 
Fernández-Ramos et al.
33
  In this formalism, the total reaction degeneracies are calculated by 
multiplying a symmetry number of each reaction (i.e., symmetry number of separated 
reactants/symmetry number of the transition state) by the number of equivalent abstractable 
hydrogen atoms.  We have found that, the calculated barrier heights for H abstraction from 
equivalent sites are the same (i.e., within the 0.5 kJ mol
-1
 error bound of the adopted 
methodology), allowing to treat them as identical transition structures.  The KiSThelP code 
employs the approach of McClurg et al.
35
 in treating hindered rotors.  As the effect of internal 
rotations about C‒C bonds in hydrocarbons largely cancels out between reactants and 
transition states, we have treated these rotations as harmonic oscillators.  However, this 
approach does not suffice for the internal rotation of the NH2 group, as this group appears 
only in transition states, necessitating its rigorous treatment as a hindered rotor.  In a like-
manner to the study on NH2 + ethylamine,
36
 the rotor potential of the NH2 is two-fold 
symmetric with an overall barrier in the range of 5.0 to 7.0 kJ mol
-1
.  In the case of H 
abstraction from primary sites in alkanes, it is important to account for the internal rotations 
about methyl groups in reactants as they freeze in transition states.  Nonetheless, treating the 
hindered C‒CH3 rotors in alkanes as harmonic oscillators should not change the dominance 
of H abstraction from secondary site derived by the noticeable difference in the C‒H strength 
among the two sites.  Furthermore, to ensure that reactants correspond to lowest energy 
conformers, we have carried out partial optimisations with respect to selected dihedral 
angles. 
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H abstraction reactions are often associated with minimal variational effects.
36-37
  Herein, we 
assess the variational effects by comparing the reaction rate constants derived from the TST 
treatment with the analogous values computed by the methodology of the variational 
transition state theory (VTST),
33
 for Reaction R3b (abstraction from a secondary site) using 
KiSThelP software.  We estimate VTST reaction rate constants by considering the minimum 
energy points (MEPs) along the reaction coordinate of -0.25 ‒ 0.25 bohr.  Table S4.3 
(Supplementary Material) provide zero-point corrected energies (ZPE) at 0 K obtained at the 
CBS-QB3 level of theory, together with the vibrational frequencies and the relevant moments 
of inertia, for MEPs along the reaction coordinates of R3b.  Figure S4.1 plots the energy 
profiles for the reaction.  Table S4.4 contrasts the reaction rate constants calculated by the 





 decreases from 1.2 to 1.1 within the considered temperature interval of 
300‒2000 K.  These results concur with those of a previous study on estimating the 
thermochemical and kinetic parameters for bimolecular reactions of ethylamine with three 
radicals; namely, H, CH3 and NH2.
31
  Table S4.5 (Appendix I) provides the comparison of the 
experimental
38
 and calculated standard enthalpy change of reaction (ΔrHº298) of alkanes 
indicating 3.7 kJ mol
-1
 as a mean unsigned error. 
 
 
4.4.  Results and discussion 
 
4.4.1.  Reaction dynamics of saturated hydrocarbons 
 
Figure 4.1 portrays the optimised transition structures for H abstractions by NH2 from 
alkanes.  Labels of the transition structures reflect reaction numbers as given in Table 4.1.  
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Figure 4.2 represents a schematic diagram of the potential energy profiles of the considered 
alkanes.  Table 4.2 illustrates the thermochemistry parameters of C1‒C4 alkanes at 0 K and 
298.15 K.  The activation barriers (Δ
#
E0, i.e. at 0 K) for Reactions R1 and R2, calculated by 
the G2M method amount to 62.3 kJ mol
-1




 respectively .  Our CBS-QB3 
calculated Δ
#
E0 for Reaction R1 corresponds to 55.1 kJ mol
-1
, and Reaction R2 displays Δ
#
E0 
of 40.8 kJ mol
-1
.  Clearly, the values obtained at the G2M (0 K) level of theory overestimate 
those derived by application of the more accurate CBS-QB3 (0 K) formalism.  Mebel and 
Lin
20
 reported energy barriers (Δ
#
E0) for Reactions R3a and R3b as 46.4 kJ mol
-1
 and 35.1 kJ 
mol
-1





 (CBS-QB3) computed herein.  The trend continues for Reactions R5a and R5b 
with the G2M-based Δ
#
E0 values of 51.8 kJ mol
-1




, overestimating the 
more accurate CBS-QB3 computations of 38.3 kJ mol
-1
and 21.2 kJ mol
-1
.  Consequently, we 
observed the overall Δ
#
E0 mean unsigned error of 9.5 kJ mol
-1
 for the selected alkanes 
itemised in Table 2.  In all subsequent discussion, we report standard enthalpies of activation 
at 298.15 K (Δ⧧Hº298).  
 




Figure 4.1.  Optimised geometries of the transition states for the reactions of the NH2 radical 
with alkanes.  Distances are in Å.  Blue colour = N, white = H and grey = C. 
 
Reactions R1 and R2 present the highest enthalpy of activation (Δ⧧Hº298) among all alkanes 
of 50.1 kJ mol
-1
 and 37.5 kJ mol
-1
 (Figure 2), evidently showing a significant difference 
between methane and ethane.  This is because; the BDH of methyl C‒H bond in methane of 
440.9 kJ mol
-1
 exceeds that for ethane of 425.4 kJ mol
-1
.  This trend concurs with a higher 
exothermicity of Reaction R2 with respect to Reaction R1, as illustrated in Figure 4.2.  Also, 
the ΔrHº298 values of Reactions R1 and R2 agree well with the corresponding literature 
values, with a minor difference of 1.5‒2.0 kJ mol
-1
, as listed in Table 2. 
 
 




Figure 4.2.  Schematic diagram of the relative enthalpies for the systems of NH2 + alkanes at 
298.15 K. 
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Table 4.2.  Comparison of experimental and calculated (at CBS-QB3 level) standard 
enthalpy of reaction (ΔrHº298).  The table presents the values of heat of reaction at 0 K (ΔrE0), 
activation barrier at 0 K (Δ⧧E0) and standard activation enthalpy (Δ⧧H
º






 Experimental standard enthalpy change of reaction at 298.15 K from reference 37. 
b
 Calculated standard enthalpy change of reaction using CBS-QB3 method at 298.15 K 
(present work). 
c
 Heat of reaction calculated at the G2M level at 0 K, from reference 20. 
d
 Activation barrier (Δ⧧E0) computed at the G2M level from reference 20. 
e
 Calculated activation barrier using CBS-QB3 method at 0 K (present work). 
f
 Standard enthalpy of activation calculated at CBS-QB3 level at 298.15 K. 
 
In principle, H abstraction from propane by NH2 involves primary and secondary C‒H sites.  
Fission of a secondary C‒H bond incurs a lower BDH (413.9 kJ mol
-1
) contrasted with the 
separation of the primary C‒H bond (428.4 kJ mol
-1













R1 -10.9 -9.4 -9.6 62.3 55.2 50.1 
R2 -26.8 -24.8 -23.8 51.1 40.8 37.3 
R3a -29.2 -21.8 -20.9 46.4 38.7 35.1 
R3b -36.8 -36.4 -34.3 35.1 29.9 26.9 
R5a -30.9 -22.2 -20.9 51.8 38.3 35.1 
R5b -45.9 -43.7 -40.9 34.7 21.2 18.8 
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displays elevated exothermicity in comparison to Reaction R3a that generates p-C3H7, 
suggesting differences in their corresponding enthalpy barriers.  The Δ⧧Hº298 of Reaction R3b 
attains a value of 26.9 kJ mol
-1
, i.e., lower by 8.3 kJ mol
-1
 than that of Reaction R3a.  We 
noted a small deviation of 0.4 kJ mol
-1
 in ΔrHº298 for Reaction R3b as compared to 7.4 kJ 
mol
-1




Similarly to propane, reactions of n-C4H10 with NH2 proceed via H abstraction from primary 
and secondary sites.  The BDH value of primary C‒H bond in n-C4H10 surpasses that of a 
secondary C‒H bond by 11.6 kJ mol
-1
.  The Δ⧧Hº298 associated with Reaction R4a surpasses 
that of Reaction R4b by 9.4 kJ mol
-1
.  Reactions of NH2 with i-C4H10 ensue by two exit 
channels, the H abstraction from primary and tertiary C−H bonds.  The BDH of the tertiary 
C-H bond in i-C4H10 is weaker than that of the primary C-H bond, resulting in the higher 
exothermicity of the Reaction R5b channel as compared to the Reaction R5a corridor.  Our 
BDH for tertiary C−H bond in i-C4H10 (406.6 kJ mol
-1
) compares well with the analogous 
experimental values of 400.4 kJ mol
-1
 reported in the table S4.2 (Appendix I).  The ΔrHº298
 
attains -22.2 kJ mol
-1
 and -43.7 kJ mol
-1
 at 298.15 K for Reactions R5a and R5b, 
respectively.  The corresponding experimental ΔrHº298, reported in literature, amounts to -
30.9 kJ mol
-1
 and -45.9 kJ mol
-1
, respectively.  Table S4.5 (Appendix I) presents the unsigned 
errors of calculated ΔrHº298 compared to the experimental ΔrHº298 of H abstraction from C1‒
C4 alkanes.  The mean unsigned error for ΔrHº298 for selected alkanes corresponds to 3.7 kJ 
mol
-1
 (Table S4.5), in reference to the experimental values. 
 
The H abstraction from the tertiary carbon (BDH = 409.3 kJ mol
-1
) in 2-methylbutane (R6) 
requires Δ
#
Hº298 similar to that of R5b (Table 3).  Reactions R5b and R6 reveal the more 
reactant-like transition states characters among all transition states of Figure 1.  These 
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transition states exhibit the shortest length of the disappearing C−H bond (1.26 Å) and the 
longest length of the emerging N−H bond (1.37 Å).  Reactions R3b and R4b demonstrate 
similar C‒H and N‒H bond lengths for the abstraction of a secondary H atom by NH2.  
Overall, the geometries of transition structures remain insensitive to the size of the carbon 
chain in alkanes.  Having established the benchmarks for Δ⧧E0 and ΔrHº298, based on 
Reactions R1, R2, R3a, R3b, R5a and R5b, our next objective is to elaborate the reaction 
dynamics of H abstraction from alkenes and alkynes by the NH2 radical. 
 
4.4.2.  Reaction dynamics of unsaturated hydrocarbon 
 
Figure 4.3 displays the optimised transition structures for reactions involving selected 
alkenes and alkynes with NH2.  Figure 4.4 elucidates the energy profiles of these reactions.  
For propene, abstraction of an H atom may involve a vinylic (R7a) or an allylic (R7b) site.  
In Reaction R7a, the vinylic C‒H bond (466.6 kJ mol
-1
) is noticeably stronger than the allylic 
C‒H bond in R7b (359.3 kJ mol
-1
).  Accordingly, the Δ⧧Hº298 of R7a exceeds significantly 
that of R7b; i.e., 44.3 kJ mol
-1
 versus 19.7 kJ mol
-1
.  According to the BDH compilation in 
Table S4.2, the primary C‒H bonds are stronger in 1-butene (410.5 kJ mol
-1
) than allylic C‒
H bonds in 2-butene (355.8 kJ mol
-1
).  Because of the strength of the vinylic C‒H bonds, we 
only consider H abstractions from the primary site in 1-butene and from the allylic carbon in 
2-butene.  TS8 (1-butene, R8) and TS9 (2-butene, R9) reside 31.0 kJ mol
-1
 and 23.2 kJ mol
-1
 
above their corresponding reactants.  For the transition states, the emerging N‒H bond in R9 
is longer by 0.11 Å than a similar bond in R8, and the breaking C‒H bond in TS9 is shorter 
by 0.06 Å in comparison to that in TS8.  Based on the calculated BDHs, the most plausible 
corridor for the abstraction of H in 2-methyl-1-butene (R10) involves the allylic site.  The 
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computed BDH for this site amounts to 358.8 kJ mol
-1






Figure 4.3.  Optimised geometries of the transition states for the reactions of the NH2 
radical with alkenes and alkynes.  Distances are in Å. 
 




Figure 4.4.  Schematic diagram of the relative enthalpies for the systems of NH2 + alkenes 
and alkynes at 298.15 K. 
 
We consider two possibilities for H abstraction from 3-methyl-1-butene (R11): (i) from the 
primary C−H bond (R11a) and (ii) from the allylic (i.e., tertiary) C−H bond (R11b).  The 
allylic C-H bond in 3-methyl-1-butene is weaker than that associated with the primary C-H 
bond, resulting in the higher exothermicity of the R11b channel as compared to the R11a 
corridor.  Our calculated BDH for the allylic C−H bond in 3-methyl-1-butene (345.3 kJ mol
-
1
) correlates with the analogous experimental values of 332.6 kJ mol
-1
 reported in Table S4.2  
Reactions R11a and R11b display Δ⧧Hº298 values of 33.6 kJ mol
-1
 and 11.2 kJ mol
-1
, 
respectively.  Interestingly, the calculated Δ⧧Hº298 in Reactions R11a and R11b fall within 
1.5‒7.2 kJ mol
-1
 off the analogous barriers for Reactions R5a and R5b.  In Reaction R12, 
ethylene undergoes H abstraction that exhibits a sizable barrier of 49.6 kJ mol
-1
 and thus 
occupies the highest position in Figure 4.4, i.e., 5.3 kJ mol
-1
 higher than that of TS7a.  The 
lengths of C‒H (1.35 Å) and N‒H (1.23 Å) bonds in TS12 and TS7a are similar and both 
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Reactions R7 and R12 exhibit modest endothermicity.  H abstraction from the allylic carbon 
in 3-methyl-2-butene (R13) requires Δ
#
Hº298 similar to that of R7b (22.7 kJ mol
-1
 versus 19.7 
kJ mol
-1
).  Transition structures for both reactions share similar geometrical features, as 
shown in Figure 4.3. 
 
In the alkyne family, H abstraction from 1-butyne (R14) and 3-methyl-1-butyne (R16) 
proceeds from the secondary and tertiary-like sites, respectively.  Scission of C‒H bond in 
the CH2 group of R14 requires higher BDH of 365.2 kJ mol
-1
 if contrasted with the BDH of 
356.9 kJ mol
-1
 of the tertiary-like site in R16.  The Δ⧧Hº298 of Reaction R14 amounts to 16.7 
kJ mol
-1
; i.e., higher by only 2.9 kJ mol
-1
 than that of Reaction R16.  The removal of an H 
atom from the methyl group in 2-butyne (R15) requires Δ⧧Hº298 of 27.2 kJ mol
-1
 and results 
in reaction exothermicity of 73.2 kJ mol
-1
. The higher activation barrier
39
 (Δ⧧E0) of 109.9 kJ 
mol
-1
 associated with an elevated BDH of 556.6 kJ mol
-1 40
 justifies the trend in Δ⧧Hº298 for 
Reactions R14, R15 and R16 as function of BDH. 
 
4.4.3.  Reaction kinetics 
 
Table 4.3 assembles the Arrhenius parameters for the title reactions and Table 4.4 presents 
the generalised rate constant for H abstraction reactions from different C‒H bond types via 
NH2 per one abstractable H atom, with Figures S4.3a-S4.3f (Appendix I) comparing the 
generalised constants with those of relevant reactions. 
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Table 4.3.  Rate parameters for H abstraction reactions by NH2, fitted between 300 and 2000 
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Table 4.4.  Generalised rate parameters for H abstraction reactions by NH2 for different C‒H 
bond types, fitted between 300 and 2000 K per one abstractable H atom.  Values of the 







































Overall, our calculated rate constants reasonably match the relevant values reported in 
literature.  For instance, Fig 5.5a shows comparison of Arrhenius plots between the 
calculated and the previous available experimental and theoretical data.  For Reaction R1, 








, i.e., in 
close agreement with the theoretically-fitted rate constant of Mebel and Lin
20









 in a temperature range of 300‒2000 K.  
Hennig and Wagner
16










 from a 
shock tube experiments for Reaction R1, for temperatures between 1500 and 2100 K.  The 
estimated ratio of kcalculated/kexperimental of around 1.8 display veritable values for 1500‒2000 K.  
Demissy and Lesclaux
17









 for the low temperature range of 300 to 520 K.  The ratio of kcaclculated/kexperimental 
equals 0.26‒1.1, between 400‒500 K. Our calculated rate constant overestimates the 
experimental rate constant by a factor of 2.4 at 300 K.  We observed a good agreement with 
Chapter 4 ‒ Hydrogen Abstraction from Hydrocarbons by NH2 
180 
 
the latest experimental study
22
 for Reaction R1 in a temperature window of 1600‒2000 K, 
corresponding to the ratio of kcalculated/kexperimental of 1.1‒1.4.  The average ratio of 
kcalculated/kexperimental for Reaction R1 amounts to 1.5. 
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Figure 4.5b depicts Arrhenius plots of the calculated and the previously available 
experimental and theoretical rate constants.  For Reaction R2, the theoretically estimated
20
 








concurs well with our 










.  Hennig and Wagner,
16
 
using the same experimental setup for Reaction R2 as for Reaction R1, for temperatures 











with the  kcalculated/kexperimental ratio of 1.4‒1.5 for 1500-2000 K.  Finally, Demissy and 
Lesclaux
17









from experiments for the low temperature range of 300 K to 520 K.  These measurements 
together with our calculations yield the kcalculated/kexperimental ratio of 0.10‒0.97.  Furthermore, 
the calculated rate constant agree well with the rate recommended by Ehbrecht et al.
14
 based 
on the experiments performed by these investigators in the temperature window of 600‒900 
K, with the relevant kcalculated/kexperimental ratio of around 1.2.  Overall, for Reactions R1 and 
R2, the estimated activation energies derived from experiments
14,15,16,17
, fitted in the range 
600‒2000 K, concur closely with the values of the present computations reported in Table 
4.3. 
 
Figure 4.6a shows the Arrhenius plots for the overall rate constant of Reaction R3 (primary 
and secondary) in comparison with the available experimental and theoretical values.  Within 
the temperature range of 300‒500 K, our calculated rate constant coincide relatively well 
with the values reported by Demissy and Lesclaux
17
, with the kcalculated/kexperimental ratios of 
0.17‒0.69.  The current theoretical finding overestimates the experimental results of Ehbrecht 
et al.
14
 (i.e., kcalculated/kexperimental ratios of 3.8‒4.4 in the temperature interval of 500‒1000 K).  
Hennig and Wagner
16 
experimentally-determined rate constant match well with our 
theoretically-derived constant between 1500‒2000 K with kcalculated/kexperimental ratios placed in 
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the narrow range of 2.4‒2.7.  Figure 4.6b provides Arrhenius plot for the rate constant for 
combined reaction R4 (kR4 = kR4a + kR4b).  The analogous experimental values display a 
relatively fair agreement with previous experimental measurements
17 
 (at 300 K) with ratio 
kcalculated/kexperimental 1.5 but overestimate (between 400‒500 K) with ratios kcalculated/kexperimental. 
stretch between 3.2‒5.2.  Nonetheless, the previous theoretical study
41
. underestimates our 
calculated rate constants by a factor of 0.05 as shown in Figure 4.6b  The average ratios of 
kcalculated/kexperimental for Reaction R3 and R4 correspond to 2.8 and 3.3, respectively. 
  






















































For a more insightful comparison, Table 4.5 contrasts our fitted Arrhenius parameters with 
analogous experimental evaluations for Reactions R1 and R2 between 300‒500 K.  Our 
estimated A and Ea values match very well their experimental counterparts.  For Reaction R1, 
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the ratio of experimental rate constant to calculated rate constant, kcalculated/kexperimental, resides 
between 1.2‒1.3.  Similarly for Reaction R2, the kcalculated/kexperimental ratio remains virtually 
constant at 1.1‒1.4 between 300-500 K.  
 
Table 4.5.  Rate parameters for H abstraction reactions by NH2, fitted between 300 and 500 














































Having established an accuracy benchmark for kinetic parameters of NH2 reactions with 
alkanes, we now turn our attention to present computed rate constants for H abstraction of 
alkene and alkyne.  Literature provides no experimental and theoretical calculations of 
kinetic parameters for NH2 reactions with any alkene and alkyne.  Figure 4.7 portrays 
calculated rate constants for H abstraction by NH2 from six alkenes namely ethylene, 
propene, 1-butene, 2-butene, 2-methyl-1-butene, 3-methyl-1-butene and 3-methyl-2-butene.  
Owing to higher activation enthalpies, Reactions R12 and R7a hold the slowest reaction rate 
constants in this series.  In the case of alkyne, the computed rate constant for Reaction R16 
exceeds those for Reactions R15 and R14 as illustrated in Figure. 4.8.  
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Figure 4.7.  Arrhenius plot for the rate constant of reactions of alkenes with NH2, obtained 
from the TST formalism corrected for the Eckart tunnelling at the CBS-QB3 level of theory. 
 
 
Figure 4.8.  Arrhenius plot for the rate constant of reactions of alkyne + NH2 using the TST 
approach and corrected for the Eckart tunnelling at the CBS-QB3 level of theory. 
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4.5.  Evans-Polanyi correlation 
 
Figure 4.9 elucidates a correlation between BDHs and Δ⧧Hº298 for the three hydrocarbon 
series.  The rate of H abstraction generally depends on bond strengths (as reflected by BDH) 
undergoing the fission process.  We have found a linear correlation between Δ⧧Hº298 and 
BDHs.  For a certain attacking radical X, the same X‒H bond forms in all reactions.  
Therefore, the Evans-Polanyi assumes a linear energy relationship in the form of  
 
Δ⧧Hº298 = α [BDH298 (C‒H) + C] 
 
where α and C denote constants.
17
 
For Alkanes, Δ⧧Hº298 = 0.90 [BDH298 (C‒H) + (-352.01)] 
For alkenes, Δ⧧Hº298 = 0.26 [BDH298 (C‒H) + (-76.02)] 
For alkynes, Δ⧧Hº298 = 0.45 [BDH298 (C‒H) + (-144.52)] 

















































BDH, R-H (kJ mol
-1
)
 H abstraction from alkanes, slope = 0.90 
 H abstraction from alkenes, slope = 0.26
 H abstraction from alkynes, slope = 0.45 
 
Figure 4.9.  Evans-Polanyi plot for the H abstraction reaction NH2 + R‒H → NH3 + R.  
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The three dissimilar linear fits stem from the noticeable difference in BDH values of the 
dissociating C‒H bonds.  The least square slope coefficients lie within the expected range for 
the Evans-Polanyi plots (0.0‒1.0).  The Δ⧧Hº298 of H abstractions from alkanes, alkenes, and 
alkynes by NH2 correlate linearly with the relevant BDHs.  The same behaviour was 
previously observed for H abstractions from hydrocarbons, by HO2 radicals.
41,42
  According 
to Hammond’s postulates, the closer the transition states toward the reactant like geometry, 
the higher will be the exothermicity of the reactions for that transition states  Intuitively, 
reactions for transition states in alkanes (TS3b, TS4b, TS5b and TS6) approaching towards 
reactant side and encompasses higher exothermicity than transition states (TS1, TS2, TS3a, 
TS4a and TS5a) that acquired lower reaction exothermicity.  We also observed the similar 
trend for the H abstraction reactions in alkenes and alkynes.  The present Evans-Polanyi plot 




4.6.  Conclusions 
 
We reported herein a comprehensive thermochemical and kinetic account into the reactions 
of NH2 radicals with the complete series of C1‒C4 species in addition to selected C5 
compounds.  The mean unsigned error of the bond dissociation enthalpies (BDH) of the titled 
hydrocarbons corresponds to 7.1 kJ mol
-1
.  The calculated standard enthalpy of activation 
(Δ⧧Hº298) for CH4 + NH2 amounts to 50.1 kJ mol
-1
, significantly exceeding the barriers for the 
removal of primary H atoms from other alkanes, such as C2H6, C3H8, n-C4H10 and i-C4H10.  
The Δ
#
Hº298 decreases to 25.1 kJ mol
-1
 and 26.9 kJ mol
-1
 for H abstraction from secondary C-
H bonds in n-C4H10 and C3H8, respectively.  For a hydrogen placed on a tertiary carbon in 
Chapter 4 ‒ Hydrogen Abstraction from Hydrocarbons by NH2 
188 
 
C5H12 (2-methylbutane) and i-C4H10 molecules, Δ⧧Hº298 declines to 18.2 kJ mol
-1
and 18.8 kJ 
mol
-1
, correspondingly, in line with the decreasing strength of the relevant C‒H bonds.  The 
length of the hydrocarbon chain displays a minimal influence on the computed standard 
activation and reaction enthalpies.  By averaging the Arrhenius rate values, we developed the 
generalised parameters for H abstraction reactions by NH2 form different C-H bond types, 
per one abstractable H atom.  The average ratio of kcalculated /kexperimental for methane, ethane 
and n-butane remains within 1.1‒1.5, rising to 2.6 for propane, for temperature ranges of 
experimental measurements.  The kinetic rate parameters presented in this study will assist in 
constructing kinetic models for combustion and pyrolysis of nitrogen-rich fuels. 
 
Appendix I: Supplementary Information 
Bond dissociation enthalpies, CBS-QB3 0 K energies, vibrational frequencies and moment of 
inertia for MEPs along the reaction coordinates, comparison of standard enthalpies of 
activation, standard enthalpy changes of reactions, constructed energy profiles, reaction rate 
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The current chapter lay out the interaction of amidogen radical (NH2) with alkylbenzenes with the 
aim of finding thermochemistry and reaction kinetics of abstraction and addition reactions.  It also 
reveals the feasible reaction pathways in regard to H abstraction from alkylbenzene by NH2 radical 
or addition of NH2 radical to the aromatic ring of alkylbenzenes. 
  
Interaction of NH2 radical with Alkylbenzenes 
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5.1.  Abstract 
 
Abstraction of a H atom from the alkyl side chain, attached to a benzene ring, by the 
amidogen (NH2) plays, critical importance in thermal processes that involve the presence of 
alkylbenzene species and NH2-containing species, as in the pyrolysis of biomass.  Yet, the 
literature provides no thermo-kinetic account of this important category of reactions.  In this 
contribution, we compute standard reaction (ΔrHº298) and activation (Δ⧧Hº298) enthalpies for 
H removal from the alkyl side chains in toluene, ethylbenzene and n-propylbenzene, as well 
as addition of NH2 at the four possible sites of the phenyl ring in toluene and ethylbenzene.  
Abstraction of the benzylic H atom in toluene constitutes the sole feasible channel at all 
temperatures.  The same finding applies to ethylbenzene, albeit with the gradual increase of 
the contribution from the channel of abstraction of primary H with increasing temperatures.  
In the all temperature regime, the rate constant of the abstraction of benzylic H in n-
propylbenzene dominates that of the primary and secondary H atoms.  The branching ratios 
confirm the dominance of H abstraction corridors over the addition channels, even at low 
temperatures.  For primary H abstraction reactions, comparing reaction rate constants of 
alkylbenzenes with those of the analogous sites in alkanes indicates minor influence of the 
aromatic ring.  The results of the present calculations apply to any branched aromatic 
hydrocarbon interacting with the NH2 radical. 
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5.2.  Introduction 
 
A great deal of combustion research has focused on gaining an improved understanding of 
chemical events contributing to the emission of NOx from nitrogen-rich fuels, most notably 
biomass.  In complex reaction networks, hydrogen cyanide and ammonia serve as important 
gaseous precursors for the synthesis of NOx from pyrolysis and combustion of coal and 
biomass.
1-9
  Decomposition of hydrogen cyanide,
10





 produce the active amidogen intermediate (NH2 radicals) in the 
course of chemical transformations of nitrogenous compounds.  NH2 radicals play a vital role 
in the combustion chemistry underlying co-gasification of coal with biomass,
11
 oxidation of 
volatile nitrogen-linking compounds in biomass,
13
 and oxidation and pyrolysis of 
ammonia.
12,14-16
  In flames, CH and CH2 intermediates react with molecular nitrogen, forming 
HCN, NH and H2CN
17
 that subsequently transform to NH2 radical. 
 
Aromatic compounds represent major constituents of petroleum-based fuels (~30 % in 
gasoline and ~20 % in diesel fuel).
18-22
  In particular, alkylbenzenes account for a ~10 % 
mass fraction of diesel fuel.
23
  The combustion of aliphatic hydrocarbons generates aromatic 
hydrocarbons that plays a key role in particulate emission, formation of polyaromatic 
hydrocarbons
24-25
 and soot nucleation.
22
  Branched aromatic hydrocarbons serve as anti-
knocking agents in transportation fuels.
26
  Reactions of NOx species represent an important 
atmospheric sink for alkylbenzenes, especially in urban areas.
27
  Generation of ammonia in 
petrol and diesel engines confirms the appearance of reactions that involve the amidogen 
radical.
28
  Thus, it is evident that, aromatic alkylbenzenes
29-33
 and NH2 radicals 
34-35
 may co-
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In fact, literature has reported the presence of alkylbenzenes and ammonia in several 
combustion systems.  For example, Nowakowska et al.
39
 studied the pyrolysis and oxidation 
of anisole (a primary tar from pyrolysis of lignin) in a jet stirred reactor, under temperature 
and pressure conditions of 673 to 1173 K and 106.7 kPa, respectively.  They observed the 
formation of aromatic compounds that included benzene, toluene and ethylbenzene in 
addition to polyaromatic and non-aromatic compounds.  Hernandez et al.
40
 characterised the 
tar formed in gasification of biomass, in a small-scale drop-tube pilot plant, reporting the 
detection of benzene, toluene, and ethylbenzene.  Likewise, Wang et al.
41
 analysed the 
emission characteristics of volatile organic compounds (VOCs) from biomass combustion to 
identify benzene, toluene, ethylbenzenes, propylbenzene and other aromatic compounds 
using gas chromatography-mass spectrometry (GC-MS) and gas chromatography coupled to 
flame ionisation and electron capture detectors (GC-FID/ECD).  Similarly, ammonia appears 
as a product from industrial pyrolysis, gasification and combustion processes of coal and 
biomass.
42-43
  Pyrolysis of fuel-bound nitrogen present in biomass yields NH3 and HCN.
44-46
  
Along the same line of enquiry, Hansson et al.
38
 reported the release of several nitrogen-
containing species such as NH3, HCN and HNCO from the pyrolysis of biomass in a fluidised 
bed reactor between 973 and 1273 K.  Hansson et al.
44
 also conducted the pyrolysis of 
biomass surrogates, poly-L-leucine and poly-L-proline, in a fluidised bed reactor between 973 
and 1073 K, and identified NH3, HCN and HNCO using an infrared spectrometer.  
Decomposition of alkylamines present in biofuels represents a direct corridor for the 
formation of NH2 radical.
47
  Thus, it stands to reason to investigate the interactions of NH2 
radical with alkylbenzenes and the underlying kinetics of the interactions, for these species 
occur together in combustion systems and in fuel-processing operations. 
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Literature provides accounts of reactions between NH2 and several highly reactive (radical) 
species (e.g., NO2, OH, NO, etc..
48-50
  For example, over a wide range of temperatures and 
pressures, several experimental and theoretical studies reported kinetics of NH2 reacting with 
aliphatic hydrocarbons.
51-55
  In particular, Mebel and Lin performed theoretical thermo-
kinetic computations, based on Gaussian-2 method (GM), on plausible H abstraction from 
distinct sites in alkanes (primary, secondary and tertiary sites) with NH2 in the temperature 
window of 300–2000 K.
55
  Nonetheless, there is clear scarcity of kinetic data for H 
abstraction from alkylbenzenes by NH2 when compared with the analogous reactions 




This contribution reports the results from a theoretical investigation into reactions of NH2 
with toluene, ethylbenzene and n-propylbenzene.  These three molecules represent model 
compounds of alkylbenzenes.  More specifically, we study abstraction (primary, secondary 
and benzylic) and addition (ipso, ortho, meta and para) channels for the title alkylbenzene 
molecules.  To the best of my knowledge, literature provides no kinetic data on reactions of 
NH2 with the above-mentioned species.  The current study expands on-going efforts to 
provide a comprehensive kinetic database for the reactions of NH2 with RH species.
60-61
  It 
has a threefold aim, to: (i) provide reaction rate parameters for H abstractions by NH2 from 
the side chain in alkylbenzene; (ii) compare the contribution of the addition channel with the 
generally more feasible abstraction route from the alkyl chain; and, (iii) assess the influence 
of the aromatic ring on the kinetics and thermodynamics of the reactions between alkanes and 
NH2 radicals.  The thermo-kinetic parameters developed in this contribution will underpin 
further development of robust kinetic models for the pyrolysis of nitrogen-rich fuels.  
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5.3.  Reaction systems and computational methods  
 
Herein, the current study entails H abstraction reactions from the alkyl side chain in toluene, 
ethylbenzene, and n-propylbenzene by NH2.   Prefixes p, s and b are used to denote removal 
of a hydrogen atom from primary, secondary and benzylic C‒H sites, respectively, of the 
alkylbenzene side chain.  Addition reactions comprise attachment of the NH2 at ipso, ortho, 




Toluene     C6H5CH3 + NH2 → NH3 + b-C7H7  (R1) 
Ethylbenzene    C6H5C2H5 + NH2 → NH3 + p-C8H9   (R2) 
     C6H5C2H5 + NH2 → NH3 + b-C8H9   (R3) 
n-Propylbenzene   C6H5C3H7 + NH2 → NH3 + p-C9H11  (R4) 
     C6H5C3H7 + NH2 → NH3 + s-C9H11  (R5) 
C6H5C3H7 + NH2 → NH3 + b-C9H11  (R6) 
Propane     C3H8 + NH2 → NH3 + p-C3H7  (R7) 
     C3H8 + NH2 → NH3 + s-C3H7  (R8) 
n-Butane    n-C4H10 + NH2 → NH3 + p-C4H9  (R9) 
     n-C4H10 + NH2 → NH3 + s-C4H9  (R10) 
 
Addition 
Toluene     C6H5CH3 + NH2 → ipso-(C7H8)NH2  (R11) 
C6H5CH3 + NH2 → ortho-(C7H8)NH2 (R12) 
C6H5CH3 + NH2 → meta-(C7H8)NH2  (R13) 
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C6H5CH3 + NH2 → para-(C7H8)NH2  (R14) 
Ethylbenzene    C6H5C2H5 + NH2 → ipso-(C8H10) NH2  (R15) 
C6H5C2H5 + NH2 → ortho-(C8H10) NH2 (R16) 
C6H5C2H5 + NH2 → meta-(C8H10) NH2 (R17) 




suite of programs executes structural optimisations, vibrational-frequency 
calculations and total-energy computations at the accurate composite model of CBS-QB3.  
The CBS-QB3 approach comprises a complete-basis-set model with initial geometry 
optimisation and frequency calculations performed at the B3LYP/6-311G(2d,d,p) level of 
theory, followed by successive estimation of single point energies at higher ab initio levels.
63-
66
  Thermochemical properties across a wide range of temperatures (300 – 2000 K) calculated 
using ChemRate
67
 software and reported as Tables S5.1 in Appendix II of Supporting 
Information (SI).  All values of standard activation (Δ⧧Hº298) and standard reaction (ΔrHº298) 




 code provides estimates of the kinetic parameters with the inclusion of the one-
dimensional Eckart barrier to account for the possible contribution from the quantum 
tunnelling effect.
69
  The conventional transition state theory (TST) affords the computation of 
kinetic parameters.
70-71
  Total reaction degeneracy, which accounts for multiple conformers 
and reaction sites, is simply evaluated by multiplying a symmetry number of each reaction by 
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We performed hindered-rotor calculations to account for the internal rotations in reactants 
and transition structures.  In this formalism, we carry out partial optimisations along the 
corresponding angles for the rotation of methyl, ethyl and propyl groups.  The two internal 
rotations of the methyl  and the  groups in ethylbenzene correspond to vibrational frequencies 
of 220.8 cm
-1
 (barrier of 14.1 kJ mol
-1
) and 50.9 cm
-1
 (barrier of 4.9 kJ mol
-1
), respectively.  
Similarly, the three rotational barriers in n-propylbenzene (methyl, ethyl and propyl groups) 
amount to torsional barriers of 5.3 kJ mol
-1
, 12.4 kJ mol
-1
 and 22.6 kJ mol
-1
, correspondingly.  
The internal rotation in the methyl group in toluene displays a very low barrier of 0.07 kJ 
mol
-1
, permitting its treatment as a free rotor.  In the previous studies, the unique coupling of 
internal rotations of the methyl and ethyl groups in alkylbenzenes and their effects on 
reaction kinetics are addressed in detail. 
59,72
  The barriers were obtained for internal rotations 
in transition states by performing single point energy calculations at B3LYP/6-31G(d) while 
varying the corresponding dihedral angles.  Overall, rotational barriers for methyl, ethyl and 
propyl groups in transition states exhibit values similar to those displayed by the ground-state 
molecules.  
 
Several literature studies have provided accuracy benchmarks for the CBS-QB3 method
73
 in 
estimating thermochemical and kinetic parameters for H atom abstraction and transfer 
reactions in hydrocarbons.
47,59,74-76
  The literature studies on H abstraction reactions from 
ethylbenzene and n-propylbenzene by HO2 set a benchmark for the accuracy of the adopted 
computational methodology.  These studies employed the isodesmic reactions to calculate the 
standard enthalpy of formation of ethylbenzene, n-propylbenzene and their derived radicals, 
to obtain enthalpies of formation to 4.5 kJ mol
-1
 mean absolute deviation from experimental 
values.
59,77
  Also, our calculated bond dissociation enthalpy (BDH) for the benzylic C–H 
amounts to 379.1 kJ mol
-1
; a value that concurs closely with the analogous experimental 
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  The overall mean absolute deviation of BDH (C–H bond) 
for the titled reactions amounts to 4.5 kJ mol
-1
.  Lastly, as an estimate of the expected 
accuracy of the present results, we note that, our previously reported combined rate constants 
of primary and secondary H abstraction from ethylbenzene by HO2 display difference of 1.50 
times from the analogous experimental measurements.
77
  Table 5.1 compares the experimental 
enthalpy change of reactions (ΔrHº298) with the analogous CBS-QB3 values for Reactions R1‒
R6, with the mean unsigned error estimated as 7.0 kJ mol
-1
.  The ΔrHº298 values are derived 
from the measured standard heat of formation of individual species in each reaction and their 
values are provided as Supplementary Information (SI) in Appendix II as Table S5.2.  This 
good agreement should serve as a benchmark for the accuracy underpinning the 
thermochemical values reported herein. 
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Table 5.1.  Comparison of computed (CBS-QB3) and literature (derived from experimental 
heat of formation of reactants and products) standard enthalpies of reactions (ΔrHº298) for 
reactions R1‒R6.  All values are in kJ mol
-1
.  Supporting Information provides sources for the 








R1 -75.3 -71.2 4.1 
R2 -27.1 -20.6 6.5 
R3 -88.0 -79.6 8.4 
R4 -29.9 -22.4 7.5 
R5 -34.5 -33.7 0.8 
R6 -92.0 -77.6 14.5 





5.4.  Results and discussion 
 
5.4.1.  H Abstraction reactions  
 










 the analysis of the abstraction channels to the side chains is considered for the 
analysis.  The study on HO2 + ethylbenzene indicated a negligible contribution from benzene-
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ring hydrogens to the overall H abstraction.
72
  Ethylbenzene comprises three different types 
of C–H bonds, namely, the aromatic C–H bonds on the phenyl ring, benzylic ethyl bonds (–
CH2–) and primary methyl bonds (–CH3–).  An additional type of secondary C–H bond exists 
in the n-propylbenzene molecule.  Figure 5.1 illustrates the optimised structure of the three 
considered alkylbenzenes and their derived radicals.  Figure 5.2 portrays optimised structures 
of the transition states in the abstraction channels while labels of the transition structures 
reflect reaction numbers.  Transition states TS1, TS3, TS5 and TS6 exhibit truly reactant-like 
characters. C–H bond distances are shorter than the N–H bond distances, indicating that the 
transition states occur at the beginning of the reactions, when the NH2 radical remains 
somewhat far from the reactant.  The transition states TS2 and TS4 acquire the same C–H 
and N–H bond length, that is 1.30 Å.  This result agrees with Hammond’s
79
 postulate that 
transition states of exothermic reactions typically exhibit a more reactants-like character 
rather than a product-like character.  
 




Figure 5.1.  Optimised geometries of toluene, ethylbenzene, n-propylbenzene and their 
derived radicals.  Distances are in Å. 
  





Figure 5.2.  Optimised geometries of the transition states for the H abstraction by the NH2 
radical from alkylbenzenes.  Distances are in Å. 
 
The BDH value of the benzylic H in toluene is significantly weaker than the aromatic C–H 




  The calculated BDH for the benzylic C–H bond in toluene 
amounts to 379.1 kJ mol
-1





  Tully et al.
82
 investigated the abstraction of H atom from toluene and benzene by 
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OH radicals in the temperature and pressure ranges of 213–1150 K and 0.02–0.26 bar, 
respectively.  Experimental results revealed that, at temperatures above 500 K, the H 
abstraction channel in both molecules, benzene (aromatic C–H) and toluene (side chain H), 
predominates the addition route.  The authors attributed this trend to profound instability of 
OH‒ring adducts, the initial intermediate encountered in the addition channel.  Likewise, Seta 
et al. also corroborated the dominant importance of the H abstraction channel over the 
addition mechanism during interaction of OH radicals with benzene (at 908–1736 K) and 
toluene (at 919–1481 K).
22
  Similarly, the  previous study of ethylbenzene + HO2,
72
 the 
contribution of the H the corresponding relative importance of the abstraction and addition 
channels for the studied NH2 + alkylbenzene systems is discussed.  
 
Table 5.2 lists ΔrHº298 and Δ⧧H
º
298 values for Reactions R1–R18.  For Reaction R1 (toluene), 
Δ⧧Hº298 of H abstraction from the benzylic site by NH2 amounts to 29.5 kJ mol
-1 
with a 
corresponding ΔrHº298 of -71.2kJ mol
-1
.  Since literature provides no Δ⧧Hº298 values for any of 
the investigated reactions, the benchmark on the accuracy of Δ⧧Hº298  is studied by 
contrasting them with those of other hydrocarbons with similar C–H BDHs.  This comparison 
also allows us to remark on the effect of the aromatic ring on the thermodynamics and 
kinetics of H abstraction from alkanes.  For example, the BDH value of the weakest C–H 




 which corroborates the current calculated 
BDH of the benzylic C–H bond in toluene of 379.1 kJ mol
-1
.  Likewise, estimates of Δ⧧Hº298 
for the toluene + NH2 and 2-butyne + NH2 reactions reveal disparity of only 2.2 kJ mol
-1
.  In 
view of the difference in BDHs between the two distinct C–H bonds in the ethyl group in 
ethylbenzene (421.3 kJ mol
-1




 H abstraction in Reaction R2 (primary) 
is associated with a higher Δ⧧Hº298 value of 32.4 kJ mol
-1
 when contrasted with Δ⧧Hº298 of 
23.9 kJ mol
-1
 (benzylic) of Reaction R3. 




Table 5.2.  Standard activation (Δ⧧Hº298) and standard reaction (ΔrHº298) enthalpies of 
abstraction and addition channels for toluene, ethylbenzene and n-propylbenzene.  All values 
are in kJ mol
-1
. 






C6H5CH3 + NH2 NH3 + b-C6H5CH2 R1 29.5 -71.2 
ipso-(C6H5CH3)NH2 R11 27.2 -46.7 
ortho-(C6H5CH3)NH2 R12 22.9 -69.7 
meta-(C6H5CH3)NH2 R13 30.6 -31.7 
para-(C6H5CH3)NH2 R14 30.9 -42.0 
C6H5C2H5 + NH2 NH3 + p-C6H5C2H4 R2 32.4 -20.7 
NH3 + b-C6H5C2H4 R3 23.9 -79.6 
ipso-(C6H5C2H5)NH2 R15 25.2 -48.9 
ortho-(C6H5C2H5)NH2 R16 24.5 -43.6 
meta-(C6H5C2H5)NH2 R17 33.8 -38.3 
para-(C6H5C2H5)NH2 R18 34.1 -37.7 
C6H5C3H7 + NH2 NH3 + p-C6H5C3H6 R4 37.5 -22.4 
NH3 + s-C6H5C3H6 R5 35.6 -33.7 
NH3 + b-C6H5C3H6 R6 26.4 -77.5 
 
In order to reveal the effect of the aromatic ring on the energetics of studied title reactions, 
Table 5.3 compares ΔrHº298 and Δ⧧Hº298 for H abstraction by NH2 from alkanes and their 
Chapter 5 – Interaction of NH2 radical with Alkylbenzenes 
208 
 
corresponding alkylbenzenes at 298.15 K.  For abstraction of primary H, Δ⧧Hº298 of Reaction 
R2 (32.4 kJ mol
-1
) concurs well with that of Reaction R7 (34.9 kJ mol
-1
).  This indicates a 
nominal influence of the electron delocalised aromatic system on the kinetics of H abstraction 









 which justifies a marginal 
difference in Δ⧧Hº298 for H abstraction from the primary C–H bond in the two molecules; i.e., 
32.4 kJ mol
-1




Table 5.3.  Standard activation (Δ⧧Hº298) and standard reaction (ΔrHº298) enthalpies for H 























R2 C6H5C2H5 + NH2 NH3 + p-C6H5C2H4 -20.6 32.4 
R4 n-C6H5C3H7 + NH2 NH3 + p-C6H5C3H6 -22.4 37.5 
R7 C3H8 + NH2 NH3 + p-C3H7 -21.8 34.9
a
 











 R5 n-C6H5C3H7 + NH2 NH3 + s-C6H5C3H6 -33.7 35.6 
R8 C3H8 + NH2 NH3 + s-C3H7 -36.4 26.8
c
 









 R1 C6H5CH3 + NH2 NH3 + b-C6H5CH2 -71.2 29.4 
R3 C6H5C2H5 + NH2 NH3 + b-C6H5C2H4 -79.3 23.8 
R6 n-C6H5C3H7 + NH2 NH3 + b-C6H5C3H6 -77.5 26.4 
a,b,c,d
Ref. 61 
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The alkyl chain in n-propylbenzene displays three distinct C–H bonds, namely, benzylic 
propyl bonds (–CH2–), secondary ethyl bonds (–CH2–) and primary methyl bonds (CH3–).  
The resonance stabilised benzylic radical of Reaction R6 displays a noticeable difference in 
BDH in comparison with the genuine secondary and primary radicals. Scission of a 
secondary C‒H bond requires a higher BDH (410.4 kJ mol
-1
) than that of the separation of 
the benzylic C‒H bond (372.4 kJ mol
-1






The standard enthalpy of activation of H abstraction of the primary C–H bond in Reaction 
R4, the secondary C–H bond in Reaction R5 and the benzylic C–H site in Reaction R6 attain 
values of 37.5 kJ mol
-1
, 35.6 kJ mol
-1
 and 26.4 kJ mol
-1
 with corresponding ΔrHº298 -22.4 kJ 
mol
-1
, -33.7 kJ mol
-1
 and -77.5 kJ mol
-1
, respectively  Thus, ΔrHº298 and Δ⧧Hº298 for n-
propylbenzene display a proportional correlation.  This trend is in line with the decreasing 
strength of the C‒H bond in n-propylbenzene (primary > secondary > benzylic).  For 
example, NH2 prefers to attack the weakest C‒H site (benzylic) in the n-propylbenzene that  
shows the most favorable reaction pathways with Δ⧧Hº298 of 26.4 kJ mol
-1
 and ΔrHº298 of -
77.5 kJ mol
-1
.  We previously noticed a similar trend of decreasing Δ⧧Hº298 for abstraction of 
primary to benzylic H for the reaction of n-propylbenzene + HO2.
59
  The value of Δ⧧Hº298 
calculated for H abstraction from the primary C–H bond in n-butane (R9, 34.5 kJ mol
-1
) 
reasonably matches with the Δ⧧Hº298 for the analogous quantity in n-propylbenzene (R4, 37.5 
kJ mol
-1
).  Conversely, Δ⧧Hº298 for abstraction of the secondary C–H atom in n-
propylbenzene (R5, 35.6 kJ mol
-1
) overestimates the analogous abstraction from the 
secondary C–H site in n-butane (R10, 25.0 kJ mol
-1
).  Notably, both reactions share very 
similar ΔrHº298 values at -33.7 kJ mol
-1
 and -35.5 kJ mol
-1
.  Finally, inspection of Δ⧧Hº298 
values for H abstraction from the benzylic C–H in the three considered alkylbenzenes 
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indicates a noticeable effect for the alkyl chain, with Δ⧧Hº298 for abstraction from the 
benzylic C–H in toluene exceeding those for ethylbenzene and n-propylbenzene by 5.6 kJ 
mol
-1
 and 3.0 kJ mol
-1
, respectively.  This indicates the necessity of some carefully tailored 
adjustments when attempting to generalise kinetics of H abstraction from toluene to higher 
alkylbenzenes.  
 
5.4.2.  NH2 addition channels  
 
As the phenyl ring in alkylbenzene is aromatic, we anticipate that, the length of alkyl chain 
exerts minimal influence on the kinetics of the NH2 addition to the phenyl ring.  For this 
reason, we have only studied the addition channels for toluene and ethylbenzene.  Figure 5.3 
reveals the transition structures of the addition channel of NH2 to the phenyl ring of toluene.  
Table 5.2 lists the Δ⧧Hº298 and ΔrHº298 values for the four addition channels.  Addition of NH2 
radical results in slightly displaced (from planarity) methyl group (for addition at ipso 
position) and H atoms (for additions at ortho, meta and para sites).  Addition at an ortho site 
in toluene (R12) displays the lowest Δ⧧Hº298 value (22.9 kJ mol
-1
) and the highest reaction 
exothermicity (ΔrHº298 at -69.7 kJ mol
-1
) among the all four addition corridors in toluene.  
The formation of meta NH2-toluene in Reaction R13 and para adduct via Reaction R14 
adducts leads to similar values of Δ⧧Hº298 values of 30.6 and 30.9 kJ mol
-1
 with the 
corresponding estimates of ΔrHº298 as -31.7 and -42.0 kJ mol
-1
, respectively.  The standard 
activation enthalpy for addition of NH2 at an ipso site of toluene in Reaction R11 amounts to 
27.2 kJ mol
-1















Figure 5.3.  Optimised geometries of the transition states for the addition of the NH2 radical 
to toluene.  Distances are in Å. 
 
Figure 5.4 depicts the transition-state geometries of the addition channel of NH2 to the phenyl 
ring of ethylbenzene, with the related values of Δ⧧Hº298 and ΔrHº298 assembled in Table 5.2.  
Similarly to Reaction R12, addition of NH2 at an ortho site (R16) of the phenyl ring in 
ethylbenzene exhibits the smallest Δ⧧Hº298 (24.5 kJ mol
-1
) with the largest reaction 
exothermicity ΔrHº298 (-43.6 kJ mol
-1
) next to Reaction R15.  The production of the meta 
moiety in Reaction R17 and the para adduct in Reaction R18 demands Δ⧧Hº298 of 33.8 and 
34.1 kJ mol
-1
 with corresponding ΔrHº298 of -38.3 and -37.7 kJ mol
-1
, respectively.  The 
standard activation enthalpy for addition of NH2 at an ipso site in Reaction R15 requires a 
modest activation enthalpy of 25.2 kJ mol
-1
 with ΔrHº298 of -48.9 kJ mol
-1
. 










Figure 5.4.  Optimised geometries of the transition states for the addition reactions of the 
NH2 radical to ethylbenzene.  Distances are in Å. 
 
Based on the energetics reported in Table 5.2, addition channels at the para and meta sites in 
toluene and ethylbenzene require higher Δ⧧Hº298 than the plausible abstraction corridors.  For 
example, addition of NH2 at the meta and para sites of the phenyl ring in toluene necessitates 
Δ⧧Hº298 of 30.6 kJ mol
-1




while attachments of NH2 to the 
ortho and ipso sites proceed through barriers of 22.9 kJ mol
-1
 and 27.2 kJ mol
-1
, respectively.  
These values contrast with that for the abstraction of H from the methyl group in toluene of 
Δ⧧Hº298 of 29.5 kJ mol
-1
.  In the ethylbenzene + NH2 system, abstraction of the benzylic H 
requires the lowest Δ⧧Hº298 (23.9 kJ mol
-1
) followed by addition of NH2 at an ortho site (24.5 
kJ mol
-1
) and at an ipso position (25.2 kJ mol
-1
).  Addition of NH2 at the meta (33.8 kJ mol
-1
) 
and para (34.1 kJ mol
-1
) sites of the aromatic ring of ethylbenzene incur higher Δ⧧Hº298, 
while the abstraction channel via the primary site exhibits a barrier of 32.4 kJ mol
-1
.  The 
previous study demonstrated that, the abstraction of H from benzene by NH2 (barrier of 58.6 










Below, we address the effect of entropy of activation on the reaction rates that make the 
abstraction of hydrogen atoms from side chains as the preferred initiation route. 
 
5.4.3.  Reaction kinetics 
 





revealed that, the abstraction of an aromatic H is of negligible 
significance, if compared with the dominant channels that remove hydrogen atoms from 
ethyl and propyl chains.  Therefore, in this study, the kinetic analysis is limit to the most 
important benzylic, secondary and primary H abstraction channels and addition of NH2 at 
four possible sites on the aromatic ring in toluene and ethylbenzene.   
 
Table 5.4 assembles the Arrhenius parameters, and Figure S5.1 (in Appendix II- SI) draws 
the Arrhenius plots of the rates for abstraction Reactions R1–R6.  Likewise, Figure S5.2 
portrays Arrhenius plots while Table 5.5 lists the kinetic parameters for the addition of NH2 
radical at ipso, ortho, meta and para sites of toluene.  Formation of ortho-(C6H5CH3)NH2 in 
Reaction R12 represents the dominant addition channel in the low temperature window of 
300–600 K over the three other addition corridors with the rate expression of k(T) = 1.45×10
-
13






, whereas the formation of the meta-(C6H5CH3)NH2 
adduct in Reaction R13 governs the NH2 addition between 600–2000 K with the reaction rate 
of k(T) = 7.55 ×10
-14






.  Formation of para-
(C6H5CH3)NH2 in Reaction R14 constitutes the slowest reaction pathway among the addition 
routes.  Figure S5.3 (Appendix II-SI) draws the Arrhenius plots for ethylbenzene + NH2 
addition reactions in which the ipso and ortho sites exhibit comparable importance. 




Table 5.4.  Kinetic parameters for abstraction of H atom by NH2 radicals from selected 
alkylbenzenes.  Reaction rate constants are fitted in the temperature range of 300-2000 K. 






 and kJ mol
-1
, 
respectively.   
 
  
 Reactant  Products A Ea 
R1 C6H5CH3 + NH2 NH3 + b-C6H5CH2 1.65 ×10
-10
 42.5 
R2 C6H5C2H5 + NH2 NH3 + p-C6H5C2H4 4.53×10
-11
 41.0 
R3 C6H5C2H5 + NH2 NH3 + b-C6H5C2H4 8.65×10
-11
 36.2 
R4 n-C6H5C3H7 + NH2 NH3 + p-C6H5C3H6 7.19×10
-11
 44.9 
R5 n-C6H5C3H7 + NH2 NH3 + s-C6H5C3H6 8.83 ×10
-12
 44.7 
R6 n-C6H5C3H7 + NH2 NH3 + b-C6H5C3H6 1.04×10
-10
 37.5 
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Table 5.5.  Kinetic parameters for addition of NH2 radical at four possible sites of selected 
alkylbenzenes.  Reaction rate constants are fitted in the temperature range of 300‒2000 K. 






 and kJ mol
-1
, 
respectively.    
 
Based on the reaction rate constants given in Tables 5.4 and 5.5 for toluene, one can readily 
note the dominance of H abstraction from a benzylic H site.  Addition at the phenyl ring 
assumes negligible importance at all temperatures.  While the addition channels in toluene 
incur slightly higher activation energies than the abstraction of benzylic H, the higher A 
factor for the latter defines its dominant character.  Lower A factors for the addition channels 
stem from the lower entropy changes between transition states and separated reactants, in 
comparison to the abstraction channels, as depicted in Figure S5.4 (Appendix II- SI).  The 
sum of the contribution from the four addition pathways in toluene, within temperature range 
of 300–2000 K, peaks at 2.4 %, and conveys minimal importance of the addition channel 
even at low temperatures.  
 Reactant  Products A Ea 
R11 C6H5CH3 + NH2 ipso-(C6H5CH3)NH2 7.55 ×10
-14
 52.7 
R12 C6H5CH3 + NH2 ortho-(C6H5CH3)NH2 1.45×10
-13
 47.8 
R13 C6H5CH3 + NH2 meta-(C6H5CH3)NH2 4.87×10
-13
 54.7 
R14 C6H5CH3 + NH2 para-(C6H5CH3)NH2 1.56×10
-13
 70.3 
R15 C6H5C2H5 + NH2 ipso-(C6H5C2H5)NH2 5.26 ×10
-13
 52.9 
R16 C6H5C2H5 + NH2 ortho-(C6H5C2H5)NH2 1.20×10
-12
 52.5 
R17 C6H5C2H5 + NH2 meta-(C6H5C2H5)NH2 1.31 ×10
-12
 61.7 
R18 C6H5C2H5 + NH2 para-(C6H5C2H5)NH2 2.30 ×10
-12
 61.9 
Chapter 5 – Interaction of NH2 radical with Alkylbenzenes 
216 
 
Figure 5.5 illustrates the branching ratios for all addition and abstraction channels in 
ethylbenzene.  The benzylic H abstraction channel (R2) dominates over the entire 
temperature interval of between 300–2000 K.  The maximum contribution from primary H 
abstraction in Reaction R1 reaches 28.3 % at the far end of the temperature region (2000 K) 
and only 7.1 % towards the lower temperature window (300 K).  Similarly to the 
insignificance of NH2 addition to toluene, the formation of the NH2-phenyl ring adduct for 
ethylbenzene displays negligible importance.  The overall contribution from the addition of 
NH2 at ipso, ortho, meta and para sites of the aromatic ring in ethylbenzene sums up to a 
maximum of 9.3 %.  The dominance of the abstraction channel (mainly benzylic) in the case 


































Figure 5.5.  Branching ratios for NH2 interaction with ethylbenzene. 
 
Figure 5.6 portrays the branching ratios for the three plausible H abstraction corridors in n-
propylbenzene by NH2.  The formation of 1-phenyl-1-propyl (via H abstraction from the 
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benzylic site) remains the leading pathway at all temperature ranges (300–2000 K).  The 
formation of 1-phenyl-3-propyl through H abstraction from the primary site becomes the 
second dominant channel.  The generation of the 1-phenyl-2-propyl radical (through H 
abstraction from the secondary site) contributes minimally in the overall reaction rate of n-
propylbenzene with NH2.  The contribution of H abstraction from the secondary site in n-
propylbenzene remains within 0.4–3.6 % throughout the considered temperature range.  This 
due to the lower entropy factor of TS5 in H removal from secondary site as compared to the 
entropy value of H abstraction form primary site in TS4.  The present findings somehow 
contradict the results from our previous investigation of the system of HO2 + n-
propylbenzene.
59
  For example, abstraction of the secondary H atom from n-propylbenzene by 
HO2 plays the role of the leading channel below 600 K, while removal of benzylic H 
dominates above 600 K. 
 































Figure 5.6.  Branching ratios for H abstraction by NH2 from primary, secondary and benzylic 
sites in n-propylbenzene. 
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5.4.3.1.  Trend of benzylic, primary and secondary H removal in 
alkylbenzenes 
 
Abstraction of the benzylic H atom from toluene by NH2 incurs similar activation energy 
when compared with an analogous system of benzylic H + NH2 in other alkylbenzenes.  
Activation energy (Ea) for H abstraction from the benzylic position in toluene (42.5 kJ mol
-1
) 
matches corresponding values for the benzylic C‒H bond in ethylbenzene (36.2 kJ mol
-1
) and 
n-propylbenzene (37.5 kJ mol
-1
).  The A factor for H abstraction from the benzylic position in 
ethylbenzene and n-propylbenzene falls below that of toluene by 0.52 and 0.63 times.  A 
plausible explanation stems from the noticeable difference in the standard entropy of 
activation (Δ⧧S298).  The previous studies on HO2 + alkylbenzenes established that, Δ⧧Sº298 
values for H abstraction from the benzylic site in toluene fall below the analogous quantity 
for abstraction of benzylic H from n-propylbenzene.
59
  Figure S5.5 (Appendix II-SI) displays 
a similar behaviour of Δ⧧Sº298 for abstraction of benzylic H from toluene versus ethylbenzene 
over the temperature interval of 600–1400 K. 
 
Table 5.6 reports the calculated Arrhenius parameters fitted in the temperature range of 300–
2000 K for H abstractions from primary and secondary positions in C3–C5 alkanes and C2–C3 
alkylbenzenes and from benzylic positions in C1–C3 alkylbenzene. 
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Table 5.6.  Kinetic parameters for abstraction of H atom by NH2 radicals from the selected 
alkylbenzenes and alkanes.  Reaction rate constants are fitted in the temperature range of 









, respectively.  Values of k(T) are reported at 600 K, 800 K and 1200 K.  
Reaction degeneracy is incorporated in fitted reaction rate constants. 




























































































To the best of our knowledge, literature provides no theoretical or experimental estimation of 
rate constants for any alkylbenzene + NH2 reaction.  Thus, the calculated values for the 
current system are compared with the results of my previous computations for interacting 
systems of propane and butane with NH2.
61
  Such comparison is intuitively appealing in view 
of the very similar BDHs of the abstractable H atoms; our computed (CBS-QB3) BDH values 







to 428.4 kJ mol
-1
 and 426.4 kJ mol
-1
 versus 421.3 kJ mol
-1
 and 420.5 kJ mol
-1
, respectively.  
Figures 5.7a and 5.7b compare reaction rate constants of H abstraction from the primary C–H 
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bond from ethylbenzene versus propane and n-propylbenzene versus n-butane (per one 
abstractable H atom).  The activation energy for H abstraction from the primary position in 
ethylbenzene (42.5 kJ mol
-1
) reasonably matches the equivalent value from n-propylbenzene 
(44.5 kJ mol
-1
).  Similar trends appear for the activation energies of removal of primary 
hydrogen atoms from propane and butane versus ethylbenzene and n-propylbenzene by HO2 
radical.
59
  The A factor for H abstraction from the primary position in n-propylbenzene is 1.59 
times higher as compared to ethyl benzene.  Activation energies for the abstraction of the 
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Figure 5.7.  Comparison of primary H abstraction reaction for (a) propane (R7) vs 
ethylbenzene (R2) and (b) n-butane (R9) vs n-propylbenzene (R4) by NH2 radical, per one 
abstractable H atom.  
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Figure 5.8 compares rates for a similar (BDH, 410.4‒411.1 kJ mol
-1
) secondary H abstractions 
reactions of propane and n-butane with NH2 obtained in our previous computations
61
 and the 
current study of n-propylbenzene.  The reaction rate constant for H abstraction from the 
primary site in ethylbenzene (R2) produce a difference of 0.42 and 0.45 in reference to the 
analogous rates for H removal from the primary site in propane
61
 (R7) at 800 K and 1200 K, 
respectively.  Likewise, the rate constant for the removal of primary H in n-propylbenzene 
(R4) is comparable with the corresponding site in n-butane
61
 (R7); i.e., these rates differ by 
0.82 and 0.69 at 800 K and 1200 K, respectively.   
 




































Figure 5.8.  Comparison of secondary H abstraction reaction in propane (R8), n-butane 
(R10), and n-propylbenzene (R5) by NH2 radical, per one abstractable H atom. 
 
Figure 5.9 compares the removal of benzylic H atom from toluene, ethylbenzene and n-
propylbenzene by NH2 radical (per one abstractable H atom).  At temperatures below 600 K, 
H abstraction from the benzylic site in ethylbenzene exceeds (2.3‒9.8 and 8.3‒14.0 times) that 
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of toluene and n-propylbenzene, respectively.  Between 600–2000 K, the rate of removal of 
benzylic H from toluene (R1) and ethylbenzene (R3) become very similar. 




































Figure  5.9.  Comparison of of the rates of abstraction reaction of benzylic H in toluene (R1), 
ethylbenzene (R3) and n-propylbenzene (R6) by NH2 radical, per one abstractable H. 
 
 
5.5.  Conclusion 
 
The current study carried out a comprehensive thermochemical and kinetic investigation into 
the reactions of NH2 radical with a series of C1–C3 alkyl chains attached to a benzene ring.  
Hydrogen abstraction by NH2 radical from primary and secondary sites in alkanes and 
alkylbenzenes incurs similar activation (Δ⧧Hº298) and reaction (ΔrHº298) enthalpies.  
Abstraction of the benzylic H atom in toluene (R1) and ethylbenzene (R3) dominates the 
rates of hydrogen removal from other positions, at all temperatures.  The importance of 
abstraction of primary H in ethylbenzene increases gradually with increasing temperature.  In 
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the case of n-propylbenzene, the rate constant of abstraction of the benzylic H atoms in n-
propylbenzene dominates that of the secondary and primary H atoms towards at the entire 
temperature window.  The length of the hydrocarbon chain exerts minimal influence on the 
computed activation and reaction enthalpies.  Hydrogen abstraction reactions incur higher 
ΔrHº298 than those of the addition of NH2 radical to the aromatic ring of toluene and 
ethylbenzene.  The maximum overall contribution of addition reactions reached only 2.4 % 
for toluene and 9.3 % for ethylbenzene.  The current kinetic data of H abstraction reactions of 
ethylbenzene and n-propylbenzene is compared with the results of our previous study of 
abstraction of H atoms by the NH2 radical from propane and n-butane at selected 
temperatures.  Abstraction of the benzylic H atom from toluene and ethylbenzene molecules 
entails higher rate constants when compared with that of n-propylbenzene.  The kinetic data 
presented in this study will assist in constructing kinetic models for combustion and pyrolysis 
of nitrogen-rich fuels.  
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Appendix II:  Supporting Information 
Figure S5.1.  Arrhenius plots for the rate constant for H abstraction reactions from the 
alkylside chain in alkylbenzenes by NH2 
Figure S5.2.  Arrhenius plots for the rate constant for addition reactions of NH2 to toluene. 
Figure S5.3.  Arrhenius plots for the rate constant for addition reactions of NH2 to 
ethylbenzene. 
Figure S5.4.  Δ⧧S298 values for abstraction and addition reactions of NH2 with toluene (R1, 
R11, R12, R13 and R14) over temperature interval of 600–1400 K. 
Figure S5.5.  Δ⧧S298 values for benzylic H abstraction reactions from toluene (R1) and 
ethylbenzene (R3) by NH2 over temperature interval of 600–1400 K. 
Cartesian coordinates for all the transition states. 
Table S5.1.  Thermodynamic data for each species appearing in this study. 
Table S5.2.  Calculated standard reaction enthalpies of Reaction R1-R6.  All values in italic 
are experimental standard heat of formation of individual species from the cited literature and 
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This chapter elaborates on the thermochemistry and reaction kinetics for the formation of 
three different isomers of nitrous acid that evolve from the hydrogen abstraction of alkanes, 
alkenes and ethylbenzene by NO2 radical that are relevant to the processes where small 
aliphatic and alkylbenzene exit in an NOx environment. 
  
Reaction Kinetics of Hydrocarbons + NO2  
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6.0.  Abstract 
 
Nitrogen dioxide (NO2) exhibits a certain affinity for H atom abstraction from hydrocarbons 
and assumes a vital role in low-temperature combustion processes.  The high accuracy 
computational method (CBS-QB3) is deployed herein to predict the thermodynamic and 
kinetic parameters of H abstraction from C1-C4 aliphatic saturated and unsaturated 
hydrocarbons and aromatic hydrocarbon (ethylbenzene) by the NO2 radical.  These 
abstraction reactions lead to the formation of three distinct nitrous acid isomers, namely 
trans-HONO, cis-HONO and iso-HNO2.  The reaction rate calculations were performed 
based on the conventional transition state theory at the high-pressure limit.  Tunnelling of the 
migrating H atom through the reaction barrier is included based on the Eckart method.  
Formation of cis-HONO is more favourable over iso-HNO2 and trans-HONO owing to the 
lower standard activation enthalpies (Δ⧧Hº298) corresponding to the cis conformer compared 
to the iso and trans isomers.  For the abstraction of H from methane via NO2 producing trans-
HONO (R1A) and cis-HONO (R1B), in the temperature window of 800–1100 K, the 
calculated reaction rate constants (sum of R1A and R1B) concur with the available 
experimental measurements, i.e. kcalculated/kexperimental ratio of around 0.47–0.73.  This sanctifies 
the accuracy conformity of our methodology, underpinning the calculation of the unreported 
kinetic parameters for H abstractions from aliphatic and aromatic hydrocarbons.  Among all 
the reactions reported here, the dominant product is cis-HONO + R resulting from H 
abstraction of iso-butane (tertiary C‒H) followed by propene (allylic C‒H) and ethylbenzene 
(benzylic C‒H). 
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6.1.  Introduction 
  
Nitrogen oxides (NOx) have found a wide range of applications in organic synthesis, both in 
industry and research laboratories.
1-2
  The reaction of nitrogen dioxide (NO2) with 
hydrocarbons plays an important role in the nitrogen cycle during combustion/pyrolysis of 
nitrogen-rich fuels, i.e. biomass
3
.  NO2, a ubiquitous and toxic containment of urban air, 
reacts with alkanes and alkenes at 298 K via a free radical mechanism.
4-7
  Organic nitro-
compounds promote the ignition of hydrocarbon fuels.  It has been established that the 
enhancement of ignition in the presence of NOx is mainly derived by facile abstraction of 
hydrogen atoms by NO2 that arises from the direct decomposition of organic nitro-
compounds
8
.  NO2 is also formed by the oxidation of NO and HNO2
9
, and by the 
decomposition of organic nitrates in diesel engines.
10-11
.  Several studies have reported rates 
for NOx formation from nitrogen bearing compounds in shock-induced combustion under 
lean hydrogen-oxygen mixtures in the presence of diluted concentrations of ammonia.
12
  
Likewise, oxidation of hydrocarbons (methane, ethane, propane, ethylene and propene) leads 
to HO2 production and thereby increases the conversion of NO to NO2 along the reaction NO 
+ HO2 ⇌ NO2 + OH.  The capacity of hydrocarbons to undergo conversion of NO to NO2 
varies with temperature.  For example, at 700 K, propane converts approximately 90–95 % of 
NO to NO2 while methane, ethane, propane and ethylene convert less than 5 % of NO into 
NO2 at residence time of 0.5–1.5 s.  At 1000 K, the conversion of NO to NO2 lies between 68 




In view of the aforementioned importance underlying the reaction of hydrocarbons with NO2, 
this has been the subject of numerous experimental studies covering a broad range of 
operational conditions (e.g., temperature, pressure).  The majority of these studies have aimed 
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to reveal the pronounced ignition-promoting effect of NO2 on hydrocarbon.
9, 15-23
  For 
example, Oluwoye et al.
24
 conducted an experimental work on NOx + a biomass surrogate 
(morpholine) in a tubular reactor at pressure of 1.01 bar and residence time of 1.0 s.  It was 
established that under fuel-rich conditions, NOx (620 ppm) lowered the ignition temperature 
of morpholine from 773 K to 623 K.
24
  Other literature
4-5, 25-27
 has reported that the reaction 
of alkenes with NO2 proceeded by the addition to the double bond at ambient temperature.  
On the contrary, NO2 reacts with toluene via the benzylic H abstraction with toluene
28
.  In 
olefins, abstraction of the allylic H atom appeared to compete with the addition at double 
bonds.  Pryor et al.
6
 demonstrated that the mechanism of NO2-alkene reactions changed 
mainly from addition to abstraction as the NO2 concentration decreased from high volume 
percentage (50 %)  to low parts per million levels (1 %).  Depending on the concentration of 
NO2, initiation of methane oxidation by NO2 predominates the CH4 + O2 channel due to a 






 performed a computational ab initio MP2 level of theory investigation into 
the H abstraction reaction from CH4 by NOx at 800 K and 1 bar.  They reported two isomeric 
channels of nitrous acid leading to the generation of (1) methyl radical and trans-HONO and 
(2) methyl radical and iso-HNO2.  Later, Chan et al.
31
 conducted a similar theoretical H 
abstraction study focusing on the role of organic nitrate in improving the ignition behaviour 
of diesel engines.  They derived kinetic parameters for the H abstraction reaction of NO2 with 
aliphatic hydrocarbon (C1‒C4) at 600–1100 K and also considered cis-HONO conformer in 
addition to trans-HONO and iso-HNO2 isomers previously reported by Yamaguchi and co-
workers.
30
  Chen at al.
31
 discovered that the transition state linked to cis-HONO incurred the 
lowest energy barrier compared to trans-HONO and iso-HNO2.  Recently, Gaun and Yang
8
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employed high-level computational methods (M06-2X/MG3S, B3LYP/6-311G(2d,d,p) and 
MP2/6-311+G(2df,p)) to develop the thermochemistry for the reaction of NO2 and methane. 
 
The current contribution reports the thermochemical and kinetics of high accuracy 
computational method (CBS-QB3) investigations into abstraction reactions of NO2 with the 
complete series of aliphatic C1‒C4 hydrocarbons and ethylbenzene leading to three different 
isomers of nitrous acid (trans, cis and iso).  Previous literature provides rather limited kinetic 
data pertinent to H abstraction by NO2 from alkenes and branched alkyl benzenes.  In 
addition to C1‒C4 alkanes, we also explore H atom abstraction from short-chained alkenes 
and a model compound for alkyl benzenes, i.e. ethylbenzene.  Findings from the present 
study shall assist in attaining an atomic-base insight into the combustion chemistry 
underlying the coexistence of NO2 + hydrocarbons (aliphatic and alkyl benzenes); a scenario 
that prevails in a practical system such as nitro-containing explosives. 
 
 




 software program was applied to optimise geometries of reactant, 
transition states and products for the composite chemistry model of CBS-QB3.  The CBS-
QB3 method calculates geometries and frequencies at the B3LYP/6-311G(2d,d,p) level of 
theory with inclusion of 2d and d-polarisation functions on the second and first row 
elements.
33
 A series of successive single point energies are then performed at MP4(SDQ)/6-
311G(2d(f),p) and CCSD(T)/6-31+G(d`) levels of theory.
34
  The CCSD(T) is believed to be 
more accurate than QCISD(T) for spin-contaminated radicals.
35
  Several studies have 
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demonstrated a satisfactory performance of the CBS-QB3 method in determining thermo-




We computed reaction kinetic parameters using the KiSThelP
39
 code based on the 
conventional  transition state theory
40
.  Inclusion of one dimensional asymmetrical Eckart 
tunnelling accounts for the quantum tunnelling effect on the reaction rate constants.
41
  We 
applied the methodology of Fernández-Ramos et al.
42
 to account for total reaction 
degeneracy.  Treating internal rotations as harmonic oscillators often leads to substantial 
inaccuracies in thermodynamic partition functions.
37, 43
  We mapped out rotors for the 
internal rotations (mainly –CH3, –CH2CH3) in C2–C4 species (ethane, propane and butane) 
and transition structures by performing partial optimisations along the dihedral angle at an 
interval of 30°.  Internal rotations of methyl and ethyl groups in ethylbenzene correspond to 
vibrational frequencies of 220.8 cm
-1
 and 50.9 cm
-1
, respectively, and energy barriers of 14.1 
kJ mol
-1




To underpin the influence of the internal rotations on the estimated reaction rate constants, 
Table 6.1 itemises Arrhenius parameters for selected reactions based on the harmonic 
oscillator and hindered rotor treatments.  Only minimal differences in the pre-exponential 






) were observed among the two treatments.  This is 
expected since the effect of most hindered rotors cancels out as they exist in reactants and 
transition structures alike.  Consequently, we computed all reaction rate constants based on 
the harmonic oscillator approach for the internal rotation. 
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Table 6.1.  Comparison of computed Arrhenius parameters with and without the hindered rotors 
treatment for reactions R2–R4 at 300–2000 K temperature range.  Arrhenius parameters (A and Ea) 






 and kJ mol
-1
, respectively. 
Reaction  Internal rotations are treated 
as harmonic oscillators 
Internal rotations are treated 
as hindered rotors  
  A Ea A Ea 
R2A C2H6 + NO2 → 
C2H5 + trans-HONO 
1.01 × 10
-10
 142.8 1.00 × 10
-11
 142.8 
R3Aa C3H8 + NO2 → 
p-C3H7 + trans-HONO 
5.99 × 10
-11
 142.0 5.36 × 10
-11
 142.8 
R3Ab C3H8 + NO2 → 
p-C3H7 + trans-HONO 
1.82 × 10
-11
 132.3 1.47 × 10
-11
 132.3 
R4Aa n-C4H10 + NO2 → 
p-C4H9 + trans-HONO 
3.25 × 10
-10
 142.8 2.60 × 10
-10
 142.3 
R4Ab n-C4H10 + NO2 → 
s-C4H9 + trans-HONO 
4.75 × 10
-11





6.3.  Results and discussion 
 
6.3.1.  Reaction thermochemistry 
 
6.3.1.1.  Benchmarking  
 
Table 6.2 defines the considered reactions for the H abstraction by the NO2 radical resulting 
in the generation of three isomers of nitrous acids: trans-HONO, cis-HONO and iso-HNO2.  
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The standard heat of formation (ΔfHº298) of iso-HNO2 is -45.6 kJ mol
-144
 and is thermally 
more stable than trans- and cis-HONO by almost 33.0 kJ mol
-1
.  Fourier transform 
spectroscopy confirmed the presence of iso-HNO2 during nitric acid photolysis.
45
  
Intermolecular transformation of iso-HNO2 to HONO or vice versa at low and intermediate 






Table 6.2.  List of investigated reactions. 
Reactants  Products 
 Radicals  
(R) 
trans-HONO cis-HONO iso-HNO2 
 
CH4 + NO2 CH3 R1A R1B R1C 
C2H6 + NO2 C2H5 R2A R2B R2C 


































1-C4H8 + NO2  p-C4H7 R7A R7B R7C 
2-C4H8 + NO2  a-C4H7 R8A R8B R8C 
C2H4 + NO2 v-C2H3 R9A R9B  
C8H10 + NO2 p-C8H9 R10A R10B R10C 
C8H10 + NO2 b-C8H9 R11A R11B R11C 
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To improve the discussion and illustration of the results, prefixes p, s, t and b precede the 
formed radicals to denote removal of a hydrogen atom from primary, secondary, tertiary and 
benzylic C‒H bonds, respectively.  Prefix a refers to an allylic hydrogen attached to the 
carbon adjacent to the sp
2
 carbon and v signifies a vinylic hydrogen connected to sp
2
 carbon 
atoms.  Likewise, A, B and C represent trans-HONO, cis-HONO and iso-HNO2 isomers, 
respectively, of the nitrous acid (nitryl hydride or hydrogen nitryl).  Herein, we consider H 
abstraction reactions from methane, ethane, propane, n-butane, iso-butane, ethylene, propene, 
1-butene, 2-butene and from the alkyl side chain in ethylbenzene. 
  
Chapter 6- Reaction Kinetics of Hydrocarbons + NO2 
242 
 
Figure 6.1 depicts optimised transition structures of H abstraction from C1-C4 hydrocarbon 
and ethylbenzene with NO2 generating trans-HONO.  The optimised transition state 
geometries leading to the formation of cis-HONO and iso-HNO2 are illustrated in Figure 6.2 
and Figure 6.3, respectively. 
 
 
Figure 6.1.  Optimised geometries of the transition states for the H abstraction reactions of 
the NO2 radical with hydrocarbon forming trans-HONO.  Distances are in Å.  Molecule 
colours are hydrogen = white, carbon = grey, oxygen= red and nitrogen = blue. 




Figure 6.2.  Optimised geometries of the transition states for the H abstraction reactions of 
the NO2 radical with hydrocarbon forming cis-HONO.  Distances are in Å.  Molecule colours 
are hydrogen = white, carbon = grey, oxygen= red and nitrogen = blue. 
 




Figure 6.3.  Optimised geometries of the transition states for the H abstraction reactions of 
the NO2 radical with hydrocarbon forming iso-HNO2.  .  Distances are in Å.   Molecule 
colours are hydrogen = white, carbon = grey, oxygen= red and nitrogen = blue. 
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Table 6.3 contrasts the CBS-QB3 energy barrier (Δ⧧E0 at 0 K) and reaction energy (ΔrE0 at 0 
K) of H abstraction from C1‒C4 hydrocarbon cuts via NO2 forming trans-HONO, cis-HONO 
and iso-HNO2 with literature analogous values
31
.  For trans-HNO2, Chan et al.
31
 reported 
ΔrE0 for primary H removal in reactions CH4 + NO2 (R1A) and C2H6 + NO2 (R2A) as 113.4 
kJ mol
-1
 and 96.6 kJ mol
-1
, respectively, at the BHandHLYP/6-311G**w level of theory.  
These values overestimate the analogous value of 112.1 kJ mol
-1
 and 95.8 kJ mol
-1
 computed 
based on the more accurate CBS-QB3 composite method utilized herein.  Similarly, 
BHandHLYP/6-311G** estimated that the ΔrE0 values for secondary H removal in reaction 
C3H8 + NO2 (R3Ab) and tertiary H removal in reaction i-C4H10 + NO2 (R4Ab) overestimate 
the corresponding CBS-QB3 values by 0.8 kJ mol
-1
 and 4.2 kJ mol
-1
, respectively. For 
reactions leading to the formation of trans-HONO isomers, we observed a mean unsigned 
error of 1.8 kJ mol
-1
 in ΔrE0 values.  Similarly, comparison of our calculated values with 
those from Chan et al.
31
 for the reactions that formed cis-HONO and iso-HNO2 exhibited a 
mean unsigned error of 5.5 kJ mol
-1
 and 2.5 kJ mol
-1
 in ΔrE0, respectively, as noted in Table 
6.3. 
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Table 6.3.  Comparison of CBS-QB3 calculated activation barriers (Δ⧧E0) and reaction 
energies (ΔrE0) of selected alkanes with Chan et al.
31
 values (represented in italic font).  
Energy values are in kJ mol
-1



















Δ⧧E0 ΔrE0 AD* 
ΔrE0 






















































Mean absolute deviation  1.8  5.5  2.5 
*AD = Absolute Deviation 
 
Table 6.4 compares the calculated activation and reaction enthalpies of the H abstraction 
reaction of C1‒C4 alkanes by NO2 with the available literature data
31
 and displays the reaction 
enthalpy mean unsigned error of 11.8 kJ mol
-1
, 16.5 kJ mol
-1
 and 6.4 kJ mol
-1
 for trans-
HONO, cis-HONO and iso-HNO2, respectively.  For the trans-HONO isomer, the activation 
enthalpy (Δ⧧Hº298, i.e. at 298.15 K) of primary H abstraction in reaction CH4 + NO2 and in 
reaction C2H6 + NO2 estimated by the BHandHLYP/6-311G** method equalled 152.0 kJ 
mol
-1
 and 134.0 kJ mol
-1
, respectively.  The corresponding calculated CBS-QB3 Δ⧧Hº298 for 
reaction CH4 + NO2 equalled 154.6 kJ mol
-1
 whereas reaction C2H6 + NO2 yielded Δ⧧Hº298 
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values of 140.3 kJ mol
-1
.  Evidently, the values acquired from the BHandHLYP/6-311G**
31
 
level of theory underestimated the anticipated more accurate CBS-QB3 calculated values.  
The previous theoretical
31
 Δ⧧Hº298 value reported for secondary H atom removal for reaction 
C3H8 + NO2 was 121.0 kJ mol
-1
; a value that significantly underestimates the corresponding 
value of 129.4 kJ mol
-1
 computed herein.  We observed a similar trend for the tertiary H atom 
removal for Δ⧧Hº298 in reaction i-C4H10 + NO2 with 112.1 kJ mol
-1





 and CBS-QB3, respectively. 
 
Table 6.4.  Comparison of CBS-QB3 calculated standard activation enthalpies (Δ⧧Hº298) and 
standard reaction enthalpies (ΔrHº298) of selected alkanes with available literature data
31
 
represented in italic font.  All reported values are in kJ mol
-1




















































































Mean absolute deviation  11.8  16.5  6.4 
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6.3.1.2.  H abstraction by NO2 leading to trans-HONO 
 
Table 6.5 lists the thermochemical parameters of aliphatic C1‒C4 and ethylbenzene producing 
their corresponding radicals + trans-HONO.  The difference in Δ⧧Hº298 for H abstraction 
from methane and ethane (154.6 kJ mol
-1
 versus 140.3 kJ mol
-1
 (Figure 6.2)) reflects a 
matching difference in their C-H bond dissociation enthalpy (BDH), i.e. 441.4 kJ mol
-1
 
versus 425.9 kJ mol
-147
.  This trend concurs with a higher exothermicity of reaction R2A with 
respect to reaction R1A, as illustrated in Table 6.5.  Primary H abstraction in reactions R3Aa, 
R4Aa and R5Aa entail Δ⧧Hº298 values in a narrow range, i.e. 137.8–139.9 kJ mol
-1
.  This 
trend is consistent with their very similar BDHs (426.0–428.8 kJ mol
-1
).  Calculated ΔrHº298 






 and 79.4 kJ 
mol
-1
, respectively, displaying a linear relationship with BDH values.  This trend follows 
Evans-Polanyi plots similar to the one we observed in our previous study of H abstraction 
reactions of hydrocarbons + NH2.
48  Abstraction of secondary H in reactions R3Ab and R4Ab 
acquire Δ⧧Hº298 values of 129.4 kJ mol
-1
 and 126.8 kJ mol
-1
, respectively, while tertiary H 





For propene, we considered abstraction of an H atom from vinylic (R6Aa) and allylic (R7Aa) 
sites.  In R6Aa, the BDH of vinylic C‒H site (466.9 kJ mol
-1
) was substantially greater than 
the allylic C-H site in R6Ab (290.4 kJ mol
-1
).  Therefore, the Δ⧧Hº298 of R6Aa notably 
surpassed that of R6Ab, i.e. 149.1 kJ mol
-1
 versus 119.7 kJ mol
-1
.  Allylic C-H bonds in 2-
butene (357 kJ mol
-1
) are weaker than the primary C-H bonds in 1-butene (412.0 kJ mol
-1
).  
Intuitively, Δ⧧Hº298 via TS7A (1-butene, R7A) and TS8A (2-butene, R8A) are 133.9 kJ mol
-1
 
and 119.7 kJ mol
-1
, respectively, above their separated reactants.  The computed BDH for 
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ethylene’s vinylic C‒H attained a value of 464.9 kJ mol
-1





For ethylbenzene, the primary H abstraction channel via transition state TS10A 
(ethylbenzene + NO2) forming trans-HONO was accompanied by 150.4 kJ mol
-1
 of Δ⧧Hº298 
and 102.5 kJ mol
-1
 of ΔrHº298.  This is owing to a lower benzylic C‒H bond compared to the 
primary H atom in ethylbenzene in the corresponding Δ⧧Hº298, i.e. it attains a lower value of 
126.8 kJ mol
-1
 (TS11A).   
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Table 6.5.  Standard activation enthalpy (Δ⧧Hº298), standard reaction enthalpy (ΔrHº298), 
activation barrier (Δ⧧E0) and reaction barrier (ΔrE0) of selected light aliphatic and aromatic 
hydrocarbon forming trans-HONO + R products.  Enthalpy and energy values are in kJ mol
-1
 











CH4 + NO2 CH3 R1A 154.6 113.8 158.3 112.1 
C2H6 + NO2 C2H5 R2A 140.3 98.3 140.8 98.7 
















































1-C4H8 + NO2  p-C4H7 R7A 133.9 94.9 134.4 90.7 
2-C4H8 + NO2  a-C4H7 R8A 119.7 35.7 105.4 35.3 
C2H4 + NO2  v-C2H3 R9A 156.7 135.7 156.7 134.4 
C8H10 + NO2 p-C8H9 R10A 150.4 102.5 150.7 100.8 
C8H10 + NO2 b-C8H9 R11A 126.8 43.3 126.8 42.4 
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6.3.1.3.  H abstraction by NO2 leading to cis-HONO 
 
Table 6.6 depicts the thermochemistry of the H abstraction of aliphatic C1‒C4 hydrocarbons 
and aromatic ethylbenzene with NO2 generating the cis-HONO isomer of nitrous acid and the 





 are -79.4 kJ mol
-1
 and -76.9 kJ mol
-1
, respectively.  The trans-HONO 
structure is a more stable isomer than the cis-HONO adduct
44
.  Accordingly, Δ⧧E0 and 
Δ⧧Hº298 should be lower for trans-HONO than cis-HONO; however, Tables 5 and 6 have 
shown the opposite trend.  Chan et al.
31
 explained this unpresented difference based on the 
five member ring transition state of cis configuration that induces a stabilisation effect.  
Similar to the trans-HONO product, the previous theoretically
31
 Δ⧧E0 values overestimated 
analogous values computed here.  For example, in Chan et al.
31
 Δ⧧E0 values for reactions 
R1B and R2B were 141.5 kJ mol
-1
 and 124.7 kJ mol
-1
, respectively, whereas our computed 
Δ⧧E0 attained values of 132.3 kJ mol
-1
 and 112.1 kJ mol
-1
, respectively.  Abstraction of 
secondary H in propane (R3Bb) and tertiary H in iso-butane (R5Bb) show BHandHLYP/6-
311G** Δ⧧E0 values of 111.7 kJ mol
-1




  These values 
clearly overshoot the analogous CBS-QB3 Δ⧧E0 values by 16.8 kJ mol
-1
 and 19.8 kJ mol
-1
, 
respectively.  It can be inferred from Table 6.3 that ΔrE0 of reactions R1B, R2B, R3Bb and 
R4Bb reported by Chan et al.
31
 depart from our calculated values with a mean assigned error 




Overall, the Δ⧧Hº298 values for H abstraction reaction with NO2 leading to cis-HONO product 
were lower than iso-HNO2 and trans-HONO.  The difference in the current calculated 
Δ⧧Hº298 from previous theoretical
31
 estimates lie between 0.4 and 3.5 kJ mol
-1
 for reactions 
R1B, R2B and R3Bb.  The Δ⧧Hº298 for the removal of the secondary H atom in reaction R3Bb 
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in the present CBS-QB3 method (94.9 kJ mol
-1
) displayed good agreement with the 
corresponding literature
31
 Δ⧧Hº298 estimation (97.4 kJ mol
-1
).  For reaction R5Bb, the 
theoretical
31
 reported Δ⧧Hº298 was lower than the analogous CBS-QB3 values by 6.5 kJ mol
-1
.  
Owing to the narrow range of BDH for the relevant C-H sites, H abstraction in reactions 
R3Ba (110.5 kJ mol
-1
), R4Ba (110.5 kJ mol
-1
) and R5Ba (107.1 kJ mol
-1
) proceeded via very 
similar values. 
 
In the alkene family, H abstractions from propene occur via two channels: vinylic (R6Ba) and 
allylic (R6Bb) C-H sites.  The Δ⧧Hº298 of reaction R6Ba equalled 146.6 kJ mol
-1
, which is 
higher by 59.7 kJ mol
-1
 than that of reaction R6Bb.  The generation of primary p-C4H7 
radicals in 1-butene (R7B) required more Δ⧧Hº298 (105.0 kJ mol
-1
) than Δ⧧Hº298 (85.3 kJ mol
-
1
) of allylic a-C4H7 species in 2-butene (R8B).  Similar to trans-HONO, the generation of cis-
HONO (R9B) via abstraction of H from ethylene proceeded with the highest Δ⧧Hº298 value 
(137.8 kcal mol
-1
) among all of the investigated reactions.  In the case of ethylbenzene, the 
primary and benzylic H abstraction corridor occurred via transition states TS10B and TS11B, 
and ensued with Δ⧧Hº298 values of 124.3 kcal mol
-1




Based on the exothermicity of each reaction reported in Tables 6.5 and 6.6, the allylic radical 
in propene and 2-butene formed the most stable radicals with a backward standard enthalpy 
barrier of 87.8 kJ mol
-1
 and 84.0 kJ mol
-1
in R + trans-HONO products, respectively, and 
backward standard enthalpy barrier of 53.3 kJ mol
-1
 and 48.0 kJ mol
-1
 in R + cis-HONO 
products, respectively.  This is because of the BDH values breaking C‒H bonds in allylic 
propene (359.1 kJ mol
-1
) and 2-butene (362.9 kJ mol
-1
) versus the O-H site in trans-HONO 
(327.6 kJ mol
-1
) and in cis-HONO (323.4 kcal mol
-1
) being nearly similar and favouring the 
formation of cis and trans isomers.  On the other hand, the BHD values of the rest of the 
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hydrocarbons (403.2–441.0 kJ mol
-1
) were significantly stronger than the BDH of trans-
HONO (327.6 kJ mol
-1
) and cis-HONO (323.4 kJ mol
-1
) and resulted in low exothermicity of 
the reactions.  Owing to the significant difference in BDH values in the vinylic C-H site in 
propene (466.6 kJ mol
-1
) and ethylene (462.8 kJ mol
-1
) versus the O-H site in trans-HONO 
(327.6 kJ mol
-1
) and in cis-HONO (323.4.0 kJ mol
-1
), the least exothermic reactions were H 
abstraction from vinylic sites in propene and ethylene with reverse standard enthalpy barriers 
of 9.4 kJ mol
-1
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Table 6.6.  Illustration of standard activation enthalpy (Δ⧧Hº298), standard reaction enthalpy 
(ΔrHº298), activation barrier (Δ⧧E0) and reaction barrier (ΔrE0) of selected light aliphatic and 
aromatic hydrocarbon forming cis-HONO + R products.  Enthalpy and energy values are in 
kJ mol
-1











CH4 + NO2 CH3 R1B 130.2 115.5 132.3 113.8 
C2H6 + NO2 C2H5 R2B 111.7 100.0 112.1 97.9 


















































1-C4H8 + NO2  p-C4H7 R7B 105.0 96.2 145.3 92.4 
2-C4H8 + NO2  a-C4H7 R8B 85.3 37.3 86.1 37.1 
C2H4 + NO2  v-C2H3 R9B 137.8 135.7 133.6 136.0 
C8H10 + NO2 p-C8H9 R10B 124.3 104.2 124.3 102.1 
C8H10 + NO2 b-C8H9 R11B 89.0 44.9 89.0 44.5 
 
  
Chapter 6- Reaction Kinetics of Hydrocarbons + NO2 
255 
 
6.3.1.4.  H abstraction by NO2 leading to iso-HNO2 
 
Table 6.7 illustrates thermo-kinetic parameters of H abstraction of straight chain C1‒C4 
hydrocarbons and ethylbenzene with NO2 generating iso-HNO2.  The Δ⧧E0 and Δ⧧Hº298 
values of H abstraction reactions by NO2 for R + iso-HNO2 products were between those for 
the R + trans-HONO and R + cis-HONO.  The Δ⧧E0 and Δ⧧Hº298 values of H abstraction by 
NO2 for all the selected hydrocarbons forming R + iso-HNO2 products were found to be 
lower than the corresponding ΔrHº298 and ΔrE0 values except for the allylic C-H site in 2-
butene (R8C) and the primary (R10C) and benzylic C-H sites (R11C) in ethylbenzene. 
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Table 6.7.  Standard activation enthalpy (Δ⧧Hº298), standard reaction enthalpy (ΔrHº298), 
activation barrier (Δ⧧E0) and reaction barrier (ΔrE0) of selected light aliphatic and aromatic 
hydrocarbon forming iso-HNO2 + R products.  Enthalpy and energy values are in kJ mol
-1
 at 











CH4 + NO2 CH3 RC1 138.2 147.0 142.8 145.7 
C2H6 + NO2 C2H5 RC2 118.4 131.5 119.3 129.4 




































C3H6 + NO2 a-C3H5 R6Cb 84.4 65.1 84.0 63.8 
1-C4H8 + NO2  p-C4H7 R7C 115.5 127.7 113.8 124.3 
2-C4H8 + NO2  a-C4H7 R8C 83.6 70.1 84.4 68.8 
C8H10 + NO2 p-C8H9 R10C 141.5 135.7 142.4 134.0 
C8H10 + NO2 b-C8H9 R11C 124.3 76.4 124.3 75.6 
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Similar to cis- and trans-HONO isomer products, Chan et al.’s
31
 Δ⧧E0 values were higher 
than our calculated Δ⧧E0 values by 9.7–20.5 kJ mol
-1
 for reactions illustrated in Table 6.3.  
For instance, Chan et al.
31
 computed Δ⧧E0 values for reactions R1C and R2C as being 152.5 
kJ mol
-1
 and 133.5 kJ mol
-1
, respectively, while our derived Δ⧧E0 values were 142.8 kJ mol
-1
 
and 119.3 kJ mol
-1
, respectively.  Our calculated Δ⧧E0 values for reactions R3Cb and RC5 
were 101.3 kJ mol
-1
 and 86.1 kJ mol
-1
, respectively.  These values are lower than the 
analogous available literature
31
 values by 17.5 kJ mol
-1
 and 20.5 kJ mol
-1
, respectively.  The 
mean unsigned error underpinning ΔrE0 for reactions R1C, R2C, R3Cb and R4Cb was 2.5 kJ 
mol
-1 




Similar to Δ⧧E0, the CBS-QB3 Δ⧧Hº298 for H abstraction reactions of hydrocarbons with NO2 
that result in iso-HNO2 are lower than Chan et al.’s
31
 evaluated Δ⧧Hº298 values.  The 
difference in the calculated Δ⧧Hº298 from previous theoretical
31
 values remains within 4.7–
10.5 kJ mol
-1
 for reactions R1C, R2C, R3Cb and R5Cb as shown in Table 6.4.  Reactions 
R1C, R2C and R3Cb displayed Δ⧧Hº298 values of 138.2 kJ mol
-1
, 118.4 kJ mol
-1
 and 101.6 
kcal mol
-1
, respectively.  These values are in a close agreement with Chan et al.’s
31
 estimated 
values of 144.1 kJ mol
-1
, 123.1 kJ mol
-1
, and 107.5 kJ mol
-1
, respectively.  Reaction R5Cb 
showed the least Δ⧧Hº298 values of 86.1 kJ mol
-1
 in the alkane family. 
 
In the alkene family, the title reaction of 1-butene (R7C) incurred the maximum Δ⧧Hº298 
value at 115.5 kJ mol
-1
 via the primary C-H site while H abstraction from 2-butene (R8C) 
acquired the least Δ⧧Hº298 value of 83.6 kJ mol
-1
 via the allylic C-H sites.  The generation of 
allylic a-C4H7 radical in propene (R6Cb) was found to occur through an enthalpy of 
activation at 84.4 kJ mol
-1
.  The formation of iso-HNO2 during primary and benzylic H atom 
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abstraction from ethylbenzene by NO2 proceeded with 141.5 kJ mol
-1





Owing to a weaker N-H bond (294.4 kJ mol
-1
) in iso-HNO2 than the C-H bonds (378–466.2.0 
kJ mol
-1
) in selected hydrocarbons (RC1–R5Cb and RC7), we observed that the formed 
radicals for R + iso-HNO2 products were very unstable and favoured the R‒H + NO2 via 
barrierless reversible reaction. The comparative stable radicals were formed in reactions 
R6Cb, R8 and R11 due to the competitive BDH of the allylic C‒H bond in propene (359.3 kJ 
mol
-1
) and 2-butene (363.0 kJ mol
-1
), and the benzylic C‒H site (359.1 kJ mol
-1
) in 
ethylbenzene versus the N‒H bond (294.4 kJ mol
-1
) in iso-HNO2. 
 
6.3.2.  Kinetic analysis 
 
’Reaction rate constants were calculated for H abstraction C1–C4 hydrocarbons and 
ethylbenzene by the NO2 radical.  Table 6.8 presents the Arrhenius parameters of H 
abstraction reactions generating trans-HONO, cis-HONO and iso-HNO2 conformers over the 
temperature interval of 300–2000 K. 
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Table 6.8.  Kinetic parameters for H abstraction atom by NO2 radicals from aliphatic C1-C4 
hydrocarbons and ethylbenzene forming trans-HONO, cis-HONO and iso-HNO2.  Reaction 
rate constants are fitted in the temperature range of 300–2000 K.  Values of the Arrhenius 






 and kJ mol
-1
, respectively. 
trans-HONO cis-HONO iso-HNO2 
 A Ea  A Ea  A Ea 
R1A 5.57×10
-10
 158.8 R1B 8.97×10
-11





 142.8 R2B 8.25×10
-11





 142.0 R3Ba 5.09×10
-11





 132.3 R3Bb 1.97×10
-11





 142.8 R4Ba 9.99×10
-11





 130.6 R4Bb 1.77×10
-11





 141.5 R5Ba 1.36×10
-10





 123.1 R5Bb 2.19×10
-12





 147.8 R6Ba 2.45×10
-10
 129.8    
R6Ab 2.21×10
-11
 117.2 R6Bb 3.28×10
-11





 135.2 R7B 1.32×10
-10





 21.7 R8B 7.63×10
-11





 37.2 R9B 9.40×10
-11
 33.0    
R10A 3.62×10
-11
 36.2 R10B 2.32×10
-11





 31.3 R11B 9.38×10
-12
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Available literature kinetic parameters reported in Table 6.9 are limited for reactions R1A, 
R1B, R1C, R2A, R2B, R2C, R3Ab, R3Bb, R3Cb, R5Ab, R5Bb and R5Cb.  For reaction 
R1A, Chan et al.
31
 overestimated the reaction rate constant in reference to values reported by 
Yamaguchi et al.
30
  Rate constants of reaction R1A from Chan et al.
31
 are 21.5 and 3.2 times 
higher than those predicted by Yamaguchi et al.
30
 at 600 K and 1100 K, respectively.  At 
1100 K, for reaction R1A, Chan et al.
31









 and Yamaguchi et al.
30

















.  Slack and Grillo
15
 
conducted shock tube experiments in a temperature range of 1300–1900 K and suggested a 








 and an activation energy of 126.0 kJ 
mol
-1
 for the reaction of NO2 + CH4.  Their proposed values constitute a sum of overall 
kinetic parameters producing cis-HONO and trans-HONO isomers. 
 
Table 6.9.  Comparison of calculated (CBS-QB3 at 300–2000 K) rate parameters (A and Ea) 
with Yamaguchi et al. (at 800 K) and Chen et al. (at 600–1100 K).  Values of the Arrhenius 






 and kcal mol
-1
, respectively. 
 trans-HONO  cis-HONO iso-HNO2 














































































































 at 600–1100 K and 
c
Yamaguchi et al. 
30
 at 800 K.  Values of 
k(1100) are obtained by fitting the Arrhenius parameters. 
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Figure 6.4a shows comparison of Arrhenius plots for the total rate constant of reactions R1A 
and R1B (trans-HONO and cis-HONO) between calculated and available experimental and 
theoretical data.  By comparing the kinetics summation of reactions R1A and R1B from Chan 
et al.
31
 and Slack and Grillo,
15
 we discovered the ktheoretical/kexperimental ratio to reside between 
0.28 and 0.78 at 800–1100 K.  We observed good agreement between our calculated reaction 
rate constants for R1 (RIA + RIB) and the analogues values reported in the experimental 
study of Slack and Grillo.
15
  Estimated kcalculated/kexperimental ratio fell in the range 0.47–0.73 
between 800 and 1100 K.  Conversely, we observed higher reaction rate constants in the 
experimentally measured
15
 rate constant at 400–500 K for the reaction R1 with 
kcalculated/kexperimental ratios between 3.29 and 8.14.  This produces a benchmark for our selected 
computational methodology for the H abstraction reactions from the investigated 
hydrocarbons by the NO2 radical. 
 
Owing to the lack of experimental values, we elected to compare our estimated reaction rate 
constants with the other theoretically derived values by Chen et al.
31
  Figure 6.4b provides 
comparisons of Arrhenius plots for reaction R1B.  Between 800 and 1100 K, our calculated 
reaction rate constants for the reaction R1B reside within 0.23–0.39 from values calculated 
by Chen et al.
31
  Overall, comparison of the available literature data with the current CBS-
QB3 measured rate constants for reactions R2A, R2B, R3A, R3Bb, R5Ab and R5Bb 
demonstrated that Chan et al.
31
 rate constants were lower than our calculated rate constant 
values. 
 
For channels producing iso-HNO2, Chan et al.
31
 calculated that reaction rates overestimated 
the current estimated reaction rates of primary H abstraction from methane (R1C), ethane 
(R2C) and iso-butane (R5Cb) within 4.27–4.44, 4.51–6.41 and 5.27–4.40, respectively, at 
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temperature intervals of 800–1100 K.  For reaction R3Cb, we observed good agreement with 
Chan et al.
31
 values (0.68–0.65) between 800 and 1100 K.  Table 6.9 provides a detailed 
comparison between our calculated reaction rate constants and those reported by Chen at al.
31
 
and Yamaguchi et al.
30 






























 Chan et al.
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 log k Chan et al.
 log k Current study
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Figure 6.4.  Arrhenius plot of the reaction rate constant for reaction R1 (a) and reaction R1B 
(b). 
a








Having established an accuracy benchmark for the aforementioned reactions of alkanes with 
NO2, we can now present rate coefficients of unreported H abstraction from aliphatic alkanes 
and alkenes in addition to ethylbenzene by NO2 radical.  Table 6.8 reports Arrhenius 
parameters for H abstraction from alkanes, alkenes and ethylbenzene producing the trans-
HONO, cis-HONO, iso-HNO2 channel isomers.  Figure S6.1a‒c in the Supplementary 
Information of Appendix III displays the Arrhenius plots of alkane + NO2 forming R + 
HONO (trans-HONO, cis-HONO and iso-HNO2).  For trans-HONO, abstraction of a H atom 
from the primary C‒H bond in alkanes (R2A, R3Aa, R4Aa and R5Aa) shows very 
comparable Arrhenius plots.  The leading channel in the alkanes family is the removal of a H 
atom from a tertiary site in iso-butane (R5Ab) for the trans-HONO isomer.  The reaction rate 
for the removal of H atoms from the secondary site (R3Cb and R4Cb) remained between the 
corresponding values of primary and tertiary sites reflecting the strength of the corresponding 
C-H sites. 
 
Figure S6.2a‒S6.2c (Appendix III-SI) portray Arrhenius plots for H abstraction from alkenes, 
namely ethylene, propene, 1-butene and 2-butene producing the trans-HONO, cis-HONO and 
iso-HNO2 conformers, respectively.  As expected from pertinent BDHs values in alkene, 
allylic H abstraction (R6Ab, R6Bb, R8A and R8B) was the dominant channel over the 
primary C‒H bond in 1-butene (R7B) for both trans- and cis-HONO corridors.  The least 
favourable channel was via the vinylic H abstraction in alkene (R6Aa, R6Ba, R9A and R9B).  
For the iso-HNO2 in the alkene family (figure S6.2c), the H atom removal from the same 
allylic C-H sites in different compounds such as propene (R6Cb) and 2-butene (R8C) 
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remained the leading channels.  Overall, the cis-configuration product in alkanes and alkenes 
proceeded with higher reaction rate constants than did the iso- and trans-conformers owing to 
lower activation energies.  Figure S6.3 (Appendix III-SI) portrays the Arrhenius plot for 
reactions R10A, R10B, R10C, R11A, R11B and R11C of ethylbenzene + NO2.  Similar to 
aliphatic hydrocarbon, ethylbenzene reacted with NO2 mainly via abstraction of cis-HONO + 
benzylic rather than iso-HNO2/trans-HNO2 + benzylic. 
 
Overall, within the alkanes, abstraction of H by NO2 from the tertiary C-H site of iso-butane 
remained the leading channel for trans-HONO (R5Ab) and cis-HONO (R5Bb) between a 
temperature interval of 300‒900 K and between 300‒2000 K formation, and iso-HNO2 
isomers from the abstraction of H from tertiary C-H bond of iso-butane was the dominant 
pathway. For the alkenes family, we observed that the rate constant for removal of H from the 
allylic sites of 2-butene (300‒600 K) and propene (700‒2000 K) resulting in trans-HONO 
was the most favourable. In the case of cis-HONO and iso-HNO2, the removal of the allylic 
C-H site from propene showed higher reaction rate constants at a temperature interval of 
300‒2000 K.  In summary, we found H abstraction reaction of NO2 + R‒H → cis-HONO + R 
remained the favourable mechanism.  
 
To vindicate the different roles of H abstraction reactions from alkane and alkene by NO2, we 
developed Evans-Polanyi plots shown in Figures 6.5a and 6.5b.  These show that the higher 
H abstraction rate for NO2 + R‒H → cis-HONO + R described in the kinetic section 
corroborated with Δ⧧Hº298 versus BDH for each corresponding reaction of alkane and alkene 
families.  Furthermore, Figures 65a and 65b demonstrate linear correlations between 
activation Δ⧧Hº298 and BDH for each group of hydrocarbons.  The least square slope 
coefficients lie within the expected range for the Evans-Polanyi plots (0.0–1.0).  The 
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literature has reported similar findings for H abstractions from hydrocarbons by HO2 and 
NH2 radicals.
48, 51
  The developed Evans-Polanyi plots allow calculation of the Δ⧧Hº298 for 
the reaction of NO2 with other unreported hydrocarbons. 
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Figure 6.5.  Evans-Polanyi plots for the H abstraction reaction of (a) NH2 + R‒H (alkane) 
and (b) NH2 + R‒H (alkene) forming trans-HONO, cis-HONO and iso-HNO2 isomers.  
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6.4.  Conclusions  
 
The CBS-QB3 composite method was employed to predict the thermochemistry and kinetic 
parameters for H abstraction from a series of aliphatic hydrocarbon series, i.e. C1‒C4 alkane 
and alkene by NO2 radical.  We utilised ethylbenzene as the representative model compound 
for alkyl benzenes.  Three different isomers of nitrous acid formed with relative standard 
activation enthalpies in the order Δ⧧Hº298 (trans-HONO) > Δ⧧Hº298 (iso-HNO2) Δ⧧Hº298 (cis-
HONO) for all selected reactions.  In comparison to previous literature values, we observed a 
mean unsigned error of 0.42 kcal mol
-1
 in ΔrE0 of primary, secondary and tertiary H 
abstraction from methane, propane and iso-butane. For H abstraction from methane 
producing trans-HONO (R1A) and cis-HONO (R1B), over a temperature range of 800–1100 
K, the computed reaction rate constants (combined reaction rate constants from R1A and 
R1B) agreed with the available experimental measurements, i.e. kcalculated/kexperimental ratio with 
a difference within factors of 0.47–0.73.  Overall, the dominant channel was the formation of 
R + cis-HONO.  Intuitively, estimated reaction rate constants follow the same order as for 
Δ⧧Hº298 with higher reaction rates for R + cis-HONO products. While the trans-HONO 
isomer was more stable than cis-HONO and iso-HNO2, reaction rate constants leading to 
formation of R + trans-HONO were significantly lower.   
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Appendix III:  Supplementary Information 
 
Figure S6.1.  Arrhenius plots showing rate constant of H abstraction of C1‒C4 alkane with 
NO2 forming (a) trans-HONO, (b) cis-HONO and (c) iso-HNO2 isomers. 
Figure S6.2.  Arrhenius plots showing rate constant of H abstraction of C2‒C4 alkene with 
NO2 forming (a) trans-HONO, (b) cis-HONO and (c) iso-HNO2 isomers. 
Figure S6.3.  Arrhenius plots showing rate constant of H abstraction of ethylbenzene with 
NO2 forming trans-HONO, cis-HONO, and iso-HNO 
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This chapter developed a systematic approach to the investigation of gas-phase reduction of N2O 
using catechol.  The interaction of N2O with catechol has been studied using meta-Hybrid Density 
Functional Theory.  The current chapter explores the plausible corridors for the diminution of N2O 
into N2 from those systems entailing the substantial concentration of N2O. 
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7.0.  Abstract  
 
The NOxOUT process affords a viable route for minimising the emission of NOx.  However, 
the generation of appreciable concentrations of N2O as an unwanted by-product overshadows 
the overall merits of the NOxOUT process.  This contribution elucidates mechanistic reaction 
pathways into the conversion of N2O to N2 via bimolecular reaction of N2O with catechol, a 
representative model compound for lignin constituent of biomass.  Initial reactions of N2O 
with catechol branch into three pathways: (i) 1,2-cycloaddition of N2O to the C6 ring; (ii) 
abstraction of an O atom from N2O by catechol; and, (iii) concerted abstraction of the two H-
hydroxyl atoms in catechol by N2O.  Opening transition structures in these pathways require 
the enthalpy of activation of 184.8, 257.1 and 281.5 kJ mol
-1
, respectively.  Reactions leading 
to the transformation of N2O into N2 along the 1,2-cycloaddition pathway characterise 
formation of a heteroatomic fused two-ring adduct, followed by elimination of N2.  The 
reaction of N2O with cyclopenta-2,4-dienone,  the major product from pathway (iii), proceeds 
similarly via 1,2-cycloaddition and transfer of an O atom from N2O to the ring.  Mechanistic 
and kinetic parameters developed in this study should assist in designing industrial processes 
for reduced emission of N2O, by addition of biomass to N-rich substances, such as 




7.1.  Introduction  
 
Health and environmental concerns pertinent to the emission of nitrogen oxides (NOx) from 
thermal operations have accelerated pioneering of several abatement technologies.
1
  The 
selective catalytic reduction (SCR)
2-6
 and selective non-catalytic reduction (SNCR) 
7-12
 
processes constitute the most promising and effective approaches.  NOxOUT represents a 
particularly important implementation of SNCR.  The NOxOUT process applies urea as a 
reducing agent for NOx, most notably in the narrow temperature window of 1173 to 1373
 
K.  
Merits of the NOxOUT include the absence of heterogeneous catalysts and, hence, lower 
operating and capital costs.
13
  Combustion chemistry of the NOxOUT has been the subject of 
intense research over the last two decades.
14-16  The NOxOUT process effectively reduces 
emissions of NOx via transforming NO and NO2 into N2O and N2.  Most prominent reactions 
entail decomposition of N-agents into NH2 fragments and subsequent bimolecular reactions 
of NH2, HNCO and NCO with NO2 and NO. 
 
Generation of a significant amount of N2O, and its emission into the atmosphere,
17-19
 from the 
NOxOUT process, overshadows its overall environmental merits.  N2O shares matching 
greenhouse effects with NOx gases.
20-22
  This challenge translates to re-optimising the 
NOxOUT process to eliminate the formation of N2O.  Previous contributions aiming to 
improve performance of the NOxOUT process have mainly targeted reducing emission of 
NOx with minimal focus on formation of N2O.
6, 23, 24
  As the NOxOUT process proceeds via a 
series of gas-phase reactions (i.e. in absence of heterogeneous catalysts), it is intuitively 
appealing that any modifications must not compromise this important advantage.  A viable 
approach to consider is to assess the effect of introducing supplementary additives to urea 
formulations to supress the emission of N2O. 
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We propose that hydroxylated benzenes have potential to reduce the emission of N2O via a 
facile mechanism.  Catechol or 1,2-hydroquinone (benzene-1,2-diol) appears as a major 
product from rupture of ether linkages in biomass constituents such as lignin
25-27
.  Catechol 
also forms as a byproduct from the combustion of coal.
28, 29
  In this contribution, we map out 
detailed reaction mechanisms for all plausible initial channels involved in the interaction 
between a catechol molecule and N2O.  The previous work indicates that unimolecular 




 yields predominantly 1,2-
benzoquinone that dissociates readily into CO and cyclopenta-2,4-dienone.  Consequently, in 
the present chapter, we also investigate the plausible reduction of N2O via its bimolecular 
reactions with cyclopenta-2,4-dienone.  Developing an understanding of these pathways is 
instrumental in gaining an insight into potent N2O abatement methodology and should pave 
the way for a rigorous experimental validation. 
 
 
7.2.  Computational details 
 
Gaussian 09 suite of programs served to perform all structural optimisations and energy 
estimations.
31
  We executed all calculations at the meta-hybrid DFT functional of M05-2X/6-
311+G(d,p) level.  M05-2X demonstrates optimum performance for general applications in 
thermochemical kinetics and non-covalent interactions.
32
  In a previous study, we provided a 
kinetic and thermochemical assessment for the performance of M05-2X functional against 
analogous experimental measurements
33
.  We report all energetic values throughout the 
discussion in this article on the H-scale at 298.15 K.  The ChemRate
34
 code facilitated 
calculations of reaction rate constants in the high-pressure limit according to the conventional 
transition state theory. 
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7.3.  Results and Discussion 
 
Reaction of N2O with catechol branches into three initial corridors: (i) 1,2-cycloaddition to 
the C6 ring in the catechol molecule producing a heteroatomic fused two-ring adduct; (ii) 
abstraction of an O atom from N2O by the catechol ring leading to the formation of an 
epoxide intermediate; and, (iii) abstractions of the two H-hydroxyl atoms by N2O forming 
HNNOH and 1,4-benzoquinone.  Figures 7.1, 7.2 and 7.3 depict potential energy surfaces 
(PESs) for these three reactions and their subsequent steps for the three channels, 
respectively.  All reactions in Figures 7.1-7.3 proceed as closed-shell pathways.  
 
 
7.3.1.  1,2-cycloaddition to the C6 ring in the catechol molecule 
 
This pathway initiates via 1,2-cycloaddition of N2O molecule to the catechol molecule in a 
mode similar to the addition of singlet oxygen to aromatic conjugated systems
35
. The 
initiation reaction forms the 1A intermediate after passing a barrier of 184.8 kJ mol
-1
, through 
the transition state TS1A.  The fused two-ring structure of 1A constitutes a stable 
intermediate with distances in N‒N, N‒O, C‒N and C‒O amounting to 1.21, 1.38, 1.5 and 
1.50 Å, respectively.  In the second reaction, a nitrogen molecule departs the 1A intermediate 
via a modest activation enthalpy of 81.9 kJ mol
-1
 associated with the transition structure 
TS2A.  Expulsion of N2 molecule through TS2A induces a 1,2-hydrogen shift affording the 
2A molecule.  The 2A intermediate and the N2 molecule reside 212.8 kJ below the entrance 
channel. 
 




Figure 7.1.  PES for the transformation of N2O into N2 initiated by 1,2-cycloaddition of N2O 
to the π-conjugated system of catechol.  Values of activation enthalpies are in kJ mol
-1
 and 
reaction enthalpies in kJ and are relative to isolated reactants in each step.   
 
As Figure 7.1 depicts, subsequent addition of N2O to 2A evolves in two similar steps, namely 
1,2-cycloaddition (N2O + 2A →  3A) and N2 expulsion (2A → N2 + 4A).  Activation 
enthalpy for the second N2O addition to the 2A molecule attains a value of 139.3 kJ mol
-1
, i.e. 
lower by 45.5 kJ mol
-1
 when compared with the corresponding enthalpic barrier for the initial 
N2O addition to the catechol molecule (TS1A).  Likewise, unimolecular loss of N2 from the 
3A intermediate requires overcoming an enthalpic barrier of 36.9 kJ mol
-1
 (TS4A).  Attack of 
N2O molecule on a double bond in the 4A intermediates repeats the above-mentioned two-
step process via similar enthalpic barriers and generates the oxygen rich compound 6A.  
Decomposition of 6A yields small oxygenated species, including CO, CO2 and H2CO.  
Intermediates 2A and 4A constitute stable compounds; i.e., they will live long enough to 
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undergo bimolecular reactions with N2O.  Overall, reactions in Figure 7.1 demonstrate that a 
catechol molecule transforms three N2O molecules into N2 through an overall activation 
enthalpy at 184.8 kJ mol
-1
; i.e., the barrier of the first N2O addition reaction. 
 
 
7.3.2.  Abstraction of O atom from N2O by catechol 
 
In the second plausible channel presented in Figure 7.2, a catechol molecule directly abstracts 
an O atom from N2O through an activation enthalpy of 257.5 kJ mol
-1
 associated with the 
formation of TS1B.  This reaction is highly exothermic by 91.9 kJ and generates the epoxide 
structure 1B and N2.  A 1,2-hydrogen shift stabilises the epoxide 1B adduct into the 
semiquinone intermediate 2B.  This reaction necessitates 174.8 kJ mol
-1
 of activation 
enthalpy (TS2B).  The 2B structure converts N2O into N2 via a trivial activation enthalpy of 
7.3 kJ mol
-1
 (TS3B), in a very exothermic reaction of 217.8 kJ.  A third conversion of N2O by 
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Figure 7.2.  PES for the transformation of N2O into N2 via direct abstraction of O by the 
catechol molecule.  Values of activation enthalpies are in kJ mol
-1
 and reaction enthalpies in 
kJ and are relative to isolated reactants in each step. 
 
 
7.3.3.  Concerted abstraction of two hydroxyl H atoms by N2O 
 
The third channel characterises concerted abstraction of the two H-hydroxyl atoms in the 
catechol molecule by O and the outer N atoms in N2O, to form a molecule of HNNOH.  
Figure 7.3 shows the geometries of the nine-centred transition state of this reaction (TS1C).  
Formation of the HNNOH and the 1,2-benzoquinone (1C) moieties via TS1C incur 
endothermicity of 227.5 kJ and demands activation enthalpy of 281.5 kJ mol
-1
.  Expulsion of 
a CO molecule signifies the most plausible decomposition channel of 1C via an exceedingly 
high activation enthalpy of 406.7 kJ mol
-1
 (TS2C). 




Figure 7.3.  PES for the transformation of N2O into N2 initiated via abstraction of the two H-
hydroxyl atoms by N2O.  Values of activation enthalpies are in kJ mol
-1
 and reaction 
enthalpies in kJ and are relative to isolated reactants in each step. 
 
7.3.4.  Reaction of N2O with cyclopenta-2,4-dienone  
 
In an analogy to pathways illustrated in Figures 7.1 and 7.2, cyclopenta-2,4-dienone (2C) 
reacts with N2O via 1,2-cycloaddition and direct abstraction of O atoms from N2O.  Figure 
7.4 presents the mechanism of N2O reaction with the 2C adduct.  The high enthalpic barrier 
of TS7C (262.5 kJ mol
-1
) in reference to that of TS3C (102.3 kJ mol
-1
) largely shut down the 
abstraction channel in preference to the addition channel.  Subsequent reactions along the 
addition channel accord with mechanistic and energetic account shown in Figure 7.1 for the 
catechol + N2O system.  




Figure 7.4.  PES for transformation of N2O into N2 through reaction of N2O with cyclopenta-
2,4-dienone.  Values of activation enthalpies are in kJ mol
-1
 and reaction enthalpies in kJ, and 
are relative to isolated reactants in each step. 
 
 
7.3.5.  Calculation of rate constants 
 
Table 7.1 displays Arrhenius rate parameters for all considered reactions fitted over a 
temperature range from 300 to 2000 K.  For unimolecular reactions, parameters are 
correspond to the high-pressure limit.  The pathway leading to the formation of the 1A adduct 
largely predominates the other two initiation channels.  
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Table 7.1.  Rate parameters between 300 and 2000 K.  Values of Arrhenius parameter (A) are 












 and values of Ea/R are in K; k = A T
n




A n Ea/R 
Catechol + N2O  → 1A TS1A 1.0 × 10
-22
 2.45 22 100 
1A → 2A + N2  TS2A 1.58 × 10
12
 0.5 10 200 
2A + N2O → 3A  TS3A 7.94 × 10
-23
 2.4 16 600 
3A → 4A + N2 TS4A 3.16 × 10
12
 0.3 4 800 
4A + N2O → 5A  TS5A 5.01 × 10
-23
 2.6 19 900 
5A  → 6A + N2  TS6A 3.16 × 10
12
 0.3    3 100 
Catechol + N2O → 1B + N2 TS1B 2.51 × 10
-21
 3.1 30 800 
1B → 2B TS2B 6.31 × 10
12
 0.3 21 300 
2B + N2O → 3B + N2  TS3B 1.00 × 10
-21
 2.8      700 
3B → 4B                 TS4B 6.31 × 10
12
 0.1 20 100 
4B + N2O → 5B + N2 TS5B 7.45 × 10
-12
 2.9 23 100 
5B → 6B TS6B 2.00 × 10
13
 0.02 12 000 
Catechol + N2O → 1C + HNNOH                TS1C 6.31 × 10
-15
 3.2 33 300 
1C → 2C + CO  TS2C 3.16 × 10
-11
 0.6 17 100 
2C + N2O → 3C  TS3C 2.00 × 10
-23
 2.7 12 100 
2C + N2O → 7C + N2  TS7C 2.00 × 10
-21
 3.1 31 400 
3C → 4C + N2 TS4C 5.01 × 10
11
 0.9 13 600 
7C → 4C TS8C 2.00 × 10
12
 0.4 33 300 
4C + N2O → 5C TS5C 7.94 × 10
-23
 2.5 15 200 
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4C + N2O → 8C + N2 TS9C 2.51 × 10
-21
 2.9 24 300 
5C → 6C + N2 TS6C 1.58 × 10
12
 0.6 11 400 
8C → 6C TS10C 5.01 × 10
12
 0.8 25 500 
 
 
7.4.  Conclusions 
 
Optimising the NOxOUT process remains an active area of research of fundamental and 
applied significance.  Herein, we have proposed that introducing catechol as an additive has 
potential to minimise the emission of N2O, via converting it to N2 through modest energy 
requirements.  We have shown that 1,2-cycloaddition of N2O to catechol or its major 
decomposition products proceeds in a two-step process involving the addition of N2O and 
unimolecular elimination of N2.  Twofold abstraction of the H-hydroxyl atoms from catechol 
by N2O, as well as the direct formation of N2 via abstraction of an O atom by catechol, are of 
minor importance in comparison with the 1,2-cycloaddition channel.  We predict the 
cyclopenta-2,4-dienone to be a stable species that resist the oxidation by O2 enabling its 
bimolecular reactions with N2O.  Plausible future research directions may include 
experimental verifications of the constructed mechanisms and investigation of reactions of 
N2O with other benzene-substituted compounds. 
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This chapter underpins the effect of reaction medium on the cracking routes of the Ammonium Nitrate 
especially those occurring in emulsion explosives.  The interaction of amidogen radical with nitrogen 
oxide prevailing under NOxOUT and DeNOx technologies remains the focus underlying this chapter.  
  
Decomposition of Ammonium Nitrate: A 
Mechanistic study. 
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8.0.  Abstract  
 
In this section, we theoretically account for reactions prevailing during the thermal 
decomposition of ammonium nitrate (AN) both in the gas phase and solutions form.  Herein, 
we model aqueous phase reactions based on the solvation model and explicitly added water 
molecules.  Water may induce a catalysing role via predicted lower activation enthalpies 
about analogous gas phase reactions, i.e. by 7.6–44.5 kJ mol
-1
.  Reactions between NH2 
radical and NOx species lead to the generation of nitrogen molecules through modest 
activation enthalpies.  These reactions represent the core of the thermal DeNOx process.  By 
observing the effect of explicit water molecules, we noticed that there is an interaction 
between transition structures and water molecules.  It leads to differences in enthalpy values 
computed with the solvation model and the explicitly added water molecules.  Results 
obtained in this study should be a mechanistic frame in the pursuit to minimise NOx emission 
from AN-based emulsion explosives.  
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8.1.  Introduction 
 
Ammonium nitrate (AN) serves as an essential raw ingredient in the fertiliser, materials 
industry and finds its application as a main and cheap ingredient in emulsion explosives.
1-3
 
AN in its pure form is stable and safe at the lower range of temperature 
4-5
.  A heating solid 
form of AN produces a mixture of NH3, HNO3 and NH4NO3.
6
  AN readily decomposes at a 
temperature higher than its melting point.
7
  Decomposition of AN accounts for the hazardous 
phenomena such as NOx plume in mines.
4, 8-10
  Owing to the applications and implications 
mentioned above, decomposition of AN in the three phases has been the subject of intensive 
research. 
 
Early studies on the decomposition of AN revealed that degradation of AN readily occurs at 
temperatures higher than 443 K, yielding nitrous oxides and water as primary products
11
.  At 
all temperatures, AN decomposition is governed by its endothermic dissociation into 
ammonia and nitric acid.  An intermolecular proton transfer instigates this process. Subject to 
the experimental conditions, this reaction consumes all of the AN at about 523 to 593 K.  
With the increase in temperature from 473 to 563 K, the chemical reaction amid nitric acid 
and ammonia indicated to be ionic with the generation of NO2
+
.  To the best of knowledge, 
thermal decomposition of AN is acid catalysed. 
12-16
  Above 563 K, the dominant mechanism 
constitutes the hemolysis reaction of nitric acid producing nitrogen dioxide and hydroxyl 
radicals.
17-18
  On the oxidative side, a bimolecular reaction of AN competes with the reaction 
between ammonium and nitrate ions and afford the formation of nitrogen and nitrous oxide.  









 revealed the ionic mechanism for the decomposition of ammonium 
nitrate at temperatures below 573 K that is displaced by a rate controlling homolysis of nitric 
acid at higher temperatures.  In the lower limit of temperature, activation energy constantly 
varies from 118 kJ to 193 kJ at high temperatures.  It is not decisive; the change of Ea will 
bring a change of mechanism.  Confined ammonium nitrate can undergo rapid, self-
accelerating decomposition at temperatures of 533‒553 K
23
; however, this phenomenon 
occurs at a much lower temperature if contaminants are present, such as pyrite. 
24
  The rate of 
decomposition also increases significantly in the presence of carbon black. 
25
  Impurities such 







 addressed the gas-phase decomposition of AN into ammonia and 
nitric acid. Alavi and Donald
28
 reported structural parameters, vibrational modes, and binding 
energies for the proton transfer in a gaseous phase AN molecule.  Very recently, Satefania et 
al. 
29
 mapped out potential energy surfaces for prominent reactions encountered during the 
gas-phase degradation of AN.  Nguyen and co-workers
30
 theoretically explored the system of 
nitric acid–ammonia system concurrently considering the solvation effect of water.  
 
Decomposition of AN in explosive emulsions could be viewed to occur simultaneously in gas 
and liquid phases, in which pathways leading to NOx and N2 formation are a crucial set of 
reactions.  To this end, the focus of this study is two-fold: firstly, to report mechanistic and 
kinetic parameters accounting for all reactions leading to the formation of nitrogen molecules 
from thermal decomposition of AN in gas and aqueous phases; and secondly, to observe any 
plausible catalysing effect of water molecules on the decomposition of AN. 
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8.2.  Computational details 
 
We carried out all structural optimisations and energy calculations using the Gaussian 09 
suite of programs.
31
  We report the optimised geometries and zero-point vibrational energies 





  M05-2X functional; i.e., new hybrid meta exchange-correlation functional is 
reported to exhibit optimum performance for general applications in thermochemical kinetics 
and noncovalent interactions.
34
  Energetic-values throughout the discussion reported on the 
H-scale at 298.15 K.  To simulate the effect of bulk water on the enthalpic trends, a 
continuum solvation model density-polarisable continuum model (SMD-PCM)
35-36
 deployed 
in all reactions.  We also assess the effect of adding explicit water molecules on the enthalpy 
of activations for selected reactions.  Calculations of reaction rate constants at the high-





8.3.  Results and discussion 
 
The decomposition reaction of AN in the gas phase is initiated by dissociation into ammonia 
and nitric acids with an estimated barrier of 86.9 kJ mol
-1
 calculated by the CBS-QB3 
method.  Decomposition of nitric acid into hydroxyl and nitrogen dioxide requires an 
endothermicity of 202.9 kJ mol
-1
 (CBS-QB3).  The produced hydroxyl radical can then react 
with ammonia, passing through a trivial barrier of 11.3 kJ mol
-1
 at the CBS-QB3 method to 
produce NH2 and H2O.  This NH2 radical constitutes the primary carrier for the so-called 
thermal DeNOx process 
38-39
 which converts NOx species into N2.  Thus, we present energies 
for all subsequent reactions using four different theoretical methods, corresponding to CBS-
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QB3 in the gas phase (1), CBS-QB3 with the SMD-PCM model (2), M05-2X in the gas 
phase (3) and M05-2X  along with the SMD-PCM model (4).   
 
8.3.1.  Reaction between NH2 and NO2 
 
Figure 8.1 illustrates the potential energy surface of the reactions between NH2 and NO2.  
These reactants can associate to form NH2NO2 or H2NONO.  Formation of NH2NO2 is more 
exothermic by 88.6 kJ mol
-1
 compared to that of H2NONO, calculated at CBS-QB3.  
Calculated exothermicity for the formation of H2NONO amounts to 123.1 and 121.0 kJ mol
-1
, 
computed at CBS-QB3 and M05-2X methods, respectively.  These two values agree 
satisfactorily with conforming values reported by Mebel et al.
40
 at 119.3 and 143.2 kJ mol
-1
 
using the QCISD(T)+ZPC (119.3 kJ mol
-1
) and G2(PU) levels (143.2 kJ mol
-1
), 
correspondingly.  Intramolecular migration of one of the two hydrogen atoms to NH2 in 
NH2NO2 to the oxygen atom forms NHNO2H through a barrier of 160.9 kJ mol
-1
 at the CBS-
QB3 method. NHNO2H can branch into three distinct pathways.  The first channel 
characterises the formation of NN(OH)2 via a barrier of 214.6 kJ mol
-1
 (CBS-QB3) through 
the transition structure (TS3).  The second channel signifies the barrierless dissociation of 
NHNO2H into NHNO and OH.  The enthalpic barrier associated with TS3 is 21.4 kJ mol
-1
 
(CBS-QB3) higher than the reaction enthalpy of the second channel.  The third channel 
resembles the most favourable initial exit channel for NHNO2H through a barrier of 130.6 kJ 
mol
-1
 (CBS-QB3).  This channel results in the formation of N2O and H2O.  Unimolecular 
decomposition of NN(OH)2 into a nitrogen molecule and two hydroxyl radicals proceeds with 






























































































Figure 8.1.  Potential energy surfaces of reactions involved in the reactions of NH2 and NO2.  
(1), (2), (3) and (4) refer to CBS-QB3 in the gas phase (1), CBS-QB3 SMD-PCM model (2), 
M05-2X  in the gas phase (3) and M05-2X SMD-PCM model (4).  Values (in kJ mol
-1
) are 
relative to the initial reactants of NH2 and NO2. 
 
As shown in Figure 8.1, analogous enthalpic values based on the solvation model that 
simulates the effect of bulk water, are lower.  It indicates that water assists the reactions 
involved in the addition of NH2 and NO2.  The enthalpic deviation between gas-phase and 
solvation models stretches between 7.6 to 44.5 kJ mol
-1
 (CBS-QB3) and 5.0 to 5.9 kJ mol
-1
 
(M05-2X/6-311+G(d,p).  Values derived by the M05-2X/6-311+G(d,p) method predicted 
lower energies by 2.1‒31.1 kJ mol
-1
 and 2.1‒30.2 kJ mol
-1
 for the gas-phase and the solvation 
models (in reference to corresponding values calculated at the CBS-QB3 level).  
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8.3.2.  Reaction between NH2 and NO 
 
Figure 8.2 portrays the potential energy surface for the bimolecular reaction NH2 and NO.  
Association of NH2 and NO results in the formation of NH2NO without encountering an 
intrinsic barrier and produces an excess enthalpy of 193.6 kJ mol
-1
 (CBS-QB3).  This value is 
higher by 18.1 kJ mol
-1
 (CBS-QB3) in comparison to the corresponding formation of 
NH2NO2 from bimolecular reactions of NH2 and NO2.  Hydrogen shifts from nitrogen to an 
oxygen atom in NH2NO forms HNNOH via a barrier of 133.6 kJ mol
-1
 (TS4) at the CBS-
QB3 method.  Three dissociation reactions stemming from HNNOH afford N2 + H + OH, 
N2O + H2, and N2 + H2O.  Expulsion of a hydrogen molecule from HNNOH produces N2O 
via a barrier of 203.3 kJ mol
-1
 (CBS-QB3), as characterised by the transition structure (TS5) 
calculated using CBS-QB3.  This barrier is noticeably lower than the corresponding 
hindrance obtained at the M05-2X/6-311+G(d,p) level of theory; i.e. 232.7 kJ mol
-1
.  
Formation of N2 + H2O requires an enthalpic barrier of 93.2 kJ mol
-1
 (TS6), computed from 
the CBS-QB3 method.  As deduced from Figure 8.2, the overall reaction of NH2 and NO 
results in the formation of N2 + H2O in a significant well depth of 517.9 kJ mol
-1
 (CBS-QB3).  
An energetic trend for the simulated water bulk phase via the solvation model is lower by 
6.7-30.2 kJ mol
-1
 (CBS-QB3) than corresponding values obtained for the gas-phase reactions.  
 


















































































Figure 8.2.  Potential energy surfaces of molecules involved in the reactions of NH2 and NO.  
(1), (2), (3) and (4) refer to CBS-QB3 in the gas phase (1), CBS-QB3 SMD-PCM model (2), 
M05-2X in the gas phase (3) and M05-2X SMD-PCM model (4).  Values (in kJ mol
-1
) are 
relative to the initial reactants of NH2 and NO. 
 
8.3.3.  Reaction between NH and NO, as well as other additional reactions 
 
From figure 8.3, we can see, schematically, the response of NH and NO, initiated by their 
barrierless addition to forming HNNO.  This reaction step is highly exothermic by 407.0 kJ 
mol
-1
 (CBS-QB3) and 417.9 kJ mol
-1
 (M05-2X/6-311+G(d,p)).  H-N bond scission in HNNO 
proceeds through barriers of 122.6 kJ mol
-1
 and 132.7 kJ mol
-1
 at the CBS-QB3 and M05-2X 
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levels, leading to the formation of N2O and H.  The hydrogen atom can then abstract the 
oxygen atom from N2O to form OH and N2 after passing the barrier of 76.9 kJ mol
-1
 (CBS-
QB3).  This reaction is predicted to be highly energetic by 257.0 kJ mol
-1
 and 286.4 kJ mol
-1
 









TS 7  N2O + H
N2  + OH
 




















































Figure 8.3.  Potential energy surfaces of molecules involved in the reactions of NH and NO.  
(1), (2), (3) and (4) refer to CBS-QB3 in the gas phase (1), CBS-QB3 SMD-PCM model (2), 
M05-2X in the gas phase (3) and M05-2X SMD-PCM model (4).  Values (in kJ mol
-1
) are 
relative to the initial reactants of NH and NO. 
 
Table 8.1 enlists reaction and activation enthalpies for other critical corridors encountered 
during the decomposition of AN.  Fragmentation of AN is commenced by dissociation into 
nitric acid and ammonia passing a barrier of 86.9 kJ mol
-1
 and 88.2 kJ mol
-1
, calculated at 
CBS-QB3 and M05-2X levels of theory, respectively.  NO2 reacts with hydroxyl radicals in 
three competing reactions to form HNO3, HOONO, as well as NO and HO2.  Formation of 
HNO3 is the most plausible channel with an exothermicity of 202.9 kJ mol
-1
.  Generation of 
NO and HO2 is predicted to be a rather negligible channel encountered within NO2 + OH.  
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The reaction of OH with NH3 produces NH2 and NH radicals.  The latter are prominent 















(1) (2) (3) (4) (1) (2) (3) (4) 
NH4NO3 → NH3 + HNO3 -37.0  -25.2  86.9  88.2  
NO2 + OH → HNO3    -202.9 -206.6 -195.7 -200.8     
NO2 + OH → HOONO -79.0 -78.1 -49.6 -50.0     
NO2 + OH → NO + HO2  33.6 22.3 26.0 14.3 -14.3 -33.6 0.84 -34.0 
NH3 + OH → NH2 + H2O -49.6 -60.1 -42.0 -55.9 11.3 11.8 10.9 -15.5 
NH2 + OH → NH + H2O 62.6 56.7 25.9 22.5 0.8 1.0 6.0 6.0 
Note: (1), (2), (3) and (4) refer to CBS-QB3 in the gas phase (1), CBS-QB3 SMD-PCM 
model (2), M05-2X in the gas phase (3) and M05-2X SMD-PCM model (4). 
 
 
8.3.4.  Effect of the addition of explicit water molecules 
 
In order to estimate a plausible catalysing role of water in the decomposition of AN in 





 ions while surrounded by three water molecules.  The final equilibrium 
configuration reveals that there are two concurrent hydrogen transfers (hydrogen number 3 to 
oxygen number 10; and hydrogen number 12 to oxygen number 7) as shown in Scheme 1. 
 
 







 Initial structure      Optimised structure 
Scheme 1 shows that water molecules facilitate the conversion of the dissociated ammonium 
and nitrate ions into NH3 and HNO3.  The final configuration is more stable than the initial 
structure by 216.7 kJ mol
-1
 at CBS-QB3 method. 
 
To illustrate the effect of the addition of water to the PESs shown in Figures 8.1‒8.3, we have 
calculated the reaction and activation enthalpies for selected reactions while adding three 
explicit water molecules.  Table 8.2 compares enthalpies of activation for three cases, gas-
phase, solvation model and three added explicit water molecules.  It was anticipated that the 
energies computed with the addition of explicit water molecules to be in relative agreement 
with corresponding values acquired with the solvation method.  The results, however, seem to 
indicate that the energies calculated with three added water molecules were significantly 
lower compared to those simulated using both the solvation model and gas phase system. 
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Table 8.2.  Enthalpies of activation of selected reactions based on three approaches; namely 
three explicit water molecules, the solvation model and gas phase system.  All values are at a 












NHNO2 + H  NH2NO2 → NHNO2H 176.4 172.6 160.9 
N2O + OH + H  NHNO2H → N2O + H2O 29.8 142.8 160.6 
HNNO + H NH2NO → HNNOH 84.0 143.6 133.6 
N2 + OH + H HNNOH → N2 + H2O 26.9 101.6 93.2 
 
The significant difference in values of activation enthalpies indicates that there is a profound 
interaction between transition state and water molecules.  For instance, during the simulation 
of the transition state for the reaction HNNOH → N2 + H2O with the three added water 
molecules, one water molecule tends to attract the hydrogen from transition state to form 
H3O
+
 (hydrogen number 2 to oxygen number 13), as illustrated in Scheme 2. 
  





 Initial structure      Optimised structure 
 
The noticeable difference in values of enthalpies of activation prompted us to assume that 
strong interaction exists between water molecules and structures of products and reactants. 
This variation is not accounted for when considering separated water molecules as reactants.  
We conducted the optimisation of each reactant and product with three surrounded water 
molecules, with the aim to underpin the noticeable difference of reaction enthalpies obtained 
from the three models. Results of this comparison are summarised in Table 8.3.  As given in 
Table 3, the three set of values are within 10.9–33.6 kJ mol
-1
.  The quite small differences in 
these values could suggest that there are similar interactions between reactants and products 
with water molecules.  Therefore, by integrating the effect of water for both reactants and 
products, the enthalpies of activation are close to the values obtained with the solvation 
model and gas phase. 
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Table 8.3.  The comparison of the energy of the reaction between explicit water addition and 










Solvation Gas phase 
NHNO2 + H  NH2NO2 → NHNO2H 74.8 39.1 39.5 
N2O + OH + H  NHNO2H → N2O + H2O -221.8 -210.8 -208.7 
HNNO + H NH2NO → HNNOH 22.3 10.1 2.5 
N2 + OH + H HNNOH → N2 + H2O -348.6 337.3 -326.3 
 
 
8.4.  Kinetic data 
 
In Table 8.4, we assemble fitted reaction rate constants for prominent reactions in the gas 
phase.  Kinetic experiments have been carried out to measure the reaction rate of the constant 
of NH3 + OH → NH2 + H2O, calculated as 1.5 × 10
-13




/molecule s at 300 K 
42-44
.  Our prediction of this rate constant is in good agreement with the experimental value, 
within a factor of 3.5. 
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Table 4.  Arrhenius parameters for the calculation of the rate constants of the reactions in the 
decomposition of ammonium nitrate (temperature range 300–2000 K). 
 















NH2NO2 → NHNO2H 12.7 29.1 1 
N2 + 2OH → NN(OH) 2 -20.4 100.3 2.3 
NHNO2H → NN(OH) 2 11.8 108.8 0.5 
NHNO2H → N2O + H2O 11.8 66.5 0.6 
HNNOH → NH2NO 11.8 66.7 0.5 
HNNOH → N2O + H2 10.7 102.5 0.8 
HNNOH → N2 + H2O 11.9 47.6 0.8 
ONNH → N2O + H 10.5 62.1 1.0 
H + N2O → N2 + OH -12.9 39.1 1.0 
OH + NH2 → NH + H2O -18.8 1.2 1.9 
NH3 + OH → NH2 + H2O -20.5 5.9 0 
a
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8.5.  Conclusions 
 
Ammonium nitrate decomposition has been investigated employing various computational 
approaches.  Modelled reactions of NH2 with NOx species present a mechanistic version for 
the DeNOx process.  To account for the effect of bulk water on kinetic and thermochemical 
parameters, we thoroughly compared energies computed for gas-phase reactions with 
analogous values from the solvation model.  The solvation model predicted lower energies 
compared to those in the gas phase, indicating that water poses a catalysing role in the 
thermal decomposition of AN-based emulsion explosives. Results obtained from the gas-
phase and the solvation models differ in the range of 7.6‒44.5 kJ mol
-1
 at the CBS-QB3 
theoretical level.  Overall, calculations using the M05-2X method provided energies in close 
agreement with the CBS-QB3 method. 
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This chapter investigates the thermal interaction of catechol—used as a biomass-modelled 
fuel—with NOx.  It investigates the profiles of selected gaseous hydrocarbon and nitrogenous 
species, as well as the ability of catechol to reduce NO at high temperatures under fuel-rich 
conditions. 
  
Mitigation of NOx using a biomass surrogate 
(catechol) as a reburn fuel. 
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9.0.  Abstract 
 
This chapter investigates the effectiveness of a biomass surrogate in reducing nitric oxide 
(NO) under conditions relevant to reburning processes.  The study applied flow reactor 
experiments for the reduction of NO using catechol, a model compound of lignin biomass, 
under fuel rich conditions covering a temperature range of 400‒1200 °C, pressure of 1 atm, 
residence time of 2 s, fuel equivalence ratio of 1.25 and initial NO concentration of 600 ppm.  
Fourier transform infrared (FTIR) spectroscopy, NOx chemiluminescence analysis and gas 
chromatography provided the necessary gaseous product profiles.  Identification and 
quantification of catechol conversion under pure oxygen and NOx oxidative atmospheres 
were performed by triple quad gas chromatography and mass spectrometry (GC-QQQMS).  
The only N-containing products observed were hydrogen cyanide (HCN) and N2.  The 
presence of NOx promoted the decomposition of catechol at a lower temperature.  
Furthermore, the maximum reduction efficiency of NO (81 %) was achieved at 900 °C, 
apparently consuming the oxidative fragments of catechol and converting them into N2 via 
the HCN reactive corridor.  These findings will assist in understanding the reactions of 
hydroxylated aromatic compounds and developing kinetic models in the presence of NOx, as 
well as the interaction of biomass residue in NOx-laden atmospheres. 
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9.1.  Introduction  
 
Combustion processes emit sulfur dioxide (SO2), carbon monoxide (CO), unburnt 
hydrocarbons and nitrogen oxides (NOx = NO and NO2) as their main pollutants.  Emissions 
of NOx contribute significantly to stratospheric ozone depletion, the greenhouse effect, acid 
rain and photochemical smog, imposing major threats to the environment and human health.  
The estimated emissions of NOx from stationary and mobile combustion systems amount to 
19 × 109 kg N/y, while biomass combustion emits 12 × 109 kg N/y.  Concentrations of NOx 
are approximately 800 ppm in the emissions of untreated combustion systems (e.g., in power 
plants), and approximately 500 ppm in emissions resulting from the decomposition of nitrate 
oxidisers used in mining operations.
1-8
  However, as a direct result of various strict socio-
technical regulations, NOx control technologies have become increasingly more sophisticated. 
 
Existing NOx mitigation technologies include low-NOx burners, reburning, air and fuel 
staging, selective catalytic reduction (SCR) and selective non-catalytic reduction (SNCR). 
These abatement methods have been widely used in combustion processes to meet 
environmental pollution regulations.
9-10
 Among these mitigation techniques, the fuel 
reburning method is considered more effective and economical. In reburning technology, a 
reburning fuel (functioning as a reducing agent) is added into the exit of the primary 
combustion zone, reducing NOx into N2 in the reburning zone (fuel-rich region).  In the 
burnout region, excess oxygen oxidises the CO, H2 and unburnt hydrocarbons escaping the 
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Natural gas, biomass and coal are potential sources of reburning fuel. Spliethoff et al. studied 
the NOx mitigation efficiency (~80 %) of the pyrolysis gases produced from coal as a reburn 
fuel in an entrained flow.
20
  Similarly, in commercial boilers, coal has been employed as a 
reburn fuel, resulting in 70 % reductions in NOx.
21-22
  In particular, biomass fuels have been 
identified as better reburning energy sources due to their sustainable carbon nature, low CO2 
emissions, and low levels of sulfur and other toxic contents, compared to coal.
23-24
  Previous 
literature employed biomass (wood, poplar, cornstalk, rice husk and wheat straw) to reduce 
NOx, and up to 70 % overall reduction efficiency was observed.
25-27
  For example, Han et al. 
28
 conducted an experimental study of the advanced reburning (AR) technique. The authors 
co-injected sodium carbonate with a nitrogen agent using biomass (15–20 %) as a reburning 
fuel, achieving 85–92 % NOx reduction.  Accordingly, it is essential to understand the 
fundamental factors that sustain the thermal decomposition of biomass and coal in reactive 
NOx environments, particularly in terms of conversion efficiency. 
 
The current experimental investigation is based on the reduction of NOx using catechol as a 
reburn modelled fuel of coal and biomass.  Catechol is main structural chemical species of 
coal, tobacco smoke, biomass tars and lignin (a major component of wood).  Catechol is an 
appropriate choice of model compound for the investigation of NOx mitigation as it also 
contains polyphenolic compounds. Furthermore, catechol’s relevancy is further strengthened 
by the demonstrated similarity between polyaromatic hydrocarbons (PAH) product 
distributions from the pyrolysis of catechol and coal volatiles.
29-32
  The literature contains 
various studies on the thermal decomposition and oxidation products of catechol.  In thermal 
and oxidative environments in the temperature range of 500‒1000 °C, the predominant 
carbon compounds identified are CO, CO2, acetylene, 1,3-butadiene, phenol, benzene, 
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vinylacetylene, ethylene, methane, cyclopentadiene, styrene and phenylacetylene, with 




Herein, we present experimental aspects of the high-temperature reduction of NOx (especially 
NO) through its co-pyrolysis/co-oxidation with catechol. This is used as model for the 
oxygenated compounds present in real biomass and coal fuel.  The chapter aims to provide 
insights into the interactions of biomass and NOx that occur during thermal energy recovery 
from biofuels, and in fuel reburning technology utilising herbaceous, woody and/or chaff 
biomass as the secondary reburn fuel.  In addition, it can also help describe the effect of NOx 




9.2.  Applied methodologies 
 
9.2.1.  Materials and experimental apparatus 
 
Catechol, a solid white to faintly beige powder was purchased from Sigma Aldrich (purity > 
99.0 %).  Figure 9.1 shows a graphical representation of the experimental rig.  It was 
comprised of a catechol vaporiser and an isothermal tubular reactor (12.7 mm OD, 10.0 mm 
ID, 960 mm length) linked with a sampling train to trap and analyse reaction products as well 
as unreacted catechol.  A reactor tube (high-grade quartz, H. Baumbach & Co. Ltd., USA) 
was placed in the centre of the electrically-heated horizontal (500 mm heated length) 3-zone 
laboratory-scale furnace (supplied by Lebec, Australia).  Each zone had its own temperature 
controller (Udian708, Australia, accuracy of 0.2 %).  Also, external thermocouples were 
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placed inside the high purity quartz cylinders (9.5 mm OD) from both ends of the reactor 
tube.  They facilitated the continuous monitoring of temperature during the course of the 
reaction and assured the quick flow of reactants and products through the annular space, 
thereby reducing the chance of reaction in low-temperature regions.  Furthermore, the inlet of 
the reactor tube was connected with a feed assembly (vaporiser) and the exit of the reactor 














Flue gases into 
exhaust











Figure 9.1. Schematic representation of the experimental setup. 
 
The gases were led to the reactor through calibrated mass flow controllers in three separate 
streams; helium gas, oxygen gas (3 %, balanced in helium) and NOx gas (840 ppm, balanced 
in helium).  The flow rates of the gases (helium, oxygen, and NOx) were adjusted through 
thermal mass flow controllers for each reaction temperature, for the predefined volume of 
reaction region and residence time (2 s), using Charles’ law.  The annular volume of the 
reactor tube (4‒5 %) makes a negligible contribution to the overall system.  Catechol 
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oxidative (O2/NOx) experiments are carried out by loading catechol particles (60 mg) into a 
quartz tube fixed within the vaporiser in a constant-temperature oven held at 80 °C, for slight 
vaporisation of the catechol.  Clean glass wool was placed at the inlet and outlet points of the 
vaporiser tube to hold the reactant and for the uniform mixing of the catechol with carrier 
gases prior to entering the reaction zone.  The combined flowing stream of gases provides 0.1 
mole % of catechol into the reactor.  The use of helium gas (99.999 % purity, BOC) as a 
primary carrier gas allowed the quantitative measurement of N2 generation.  The 
concentrations of NO and NO2 were kept constant at 600 ppm and 20 ppm, respectively, i.e., 
there was a total of 620 ppm NOx in the reaction zone, which is similar to that of real 
combustion systems.
37
  The concentration of NOx (620 ppm) was maintained by adjusting the 
oxygen flow rate (fuel-oxygen equivalence ratio, 𝜙 = 1.25) for fuel-rich conditions using the 
stoichiometry equation E9.1.  The experiments were conducted over a wide range of 
temperatures (400‒1200 °C) at ambient pressure. 
 
C6H6O2 + 6.5O2 → 6CO2 + 3H2O       R9.1 
 
9.2.2.  Product sampling and analyses 
 
Gaseous product analyses comprised of three stages: 1) A chemiluminescence NOx analyser 
(Thermo-Scientific model 42i-HL) monitored the concentration of NO; 2) Fourier transform 
infrared spectroscopy (FTIR, Perkin Elmer) recorded the spectrum of gaseous product species 
exiting the tubular reactor.  The products were kept in a gaseous state when exiting the 
reactor by an electrically-heated transfer line maintained at 150 
o
C (3.17 mm ID × 300 mm) 
that was linked to the sampling cell of the FTIR compartment.  The spectrometer averaged 16 
accumulated scans per spectrum at 1 cm
-1
 resolution. The gas sample cell was maintained at 





C to avoid any condensation of the product species.  The QASoft database enabled 
semi-quantification of the species by their characteristic IR bands.  3) Micro-GC (Agilent 490 
micro-gas chromatography, 20 m Molsieve-5A column, heated injection) quantified the 
formation of N2.  Three inline impingers (0.1 M H2SO4, 0.1 NaOH and orange silica gel) 
were used to protect the GC column from contaminants such as ammonia and H2O. 
 
The conversion of the catechol sample at each temperature was determined using GC-
QQQMS (Rxi-5Sil MS, 15 m length column).  During the experimental run, the reactor exit 
was connected to a dichloromethane (DCM) solvent trap placed inside a sodium chloride/ice 
bath, which aided in capturing unreacted catechol.  For selected experiments (400 °C, 600 °C 
and 800 °C), we introduced biphenyl-D10 into the solvent trap at a concentration of 2 ppm 
before the experimental run. Furthermore, after the completion of experimental runs, we 
spiked 2 ppm of benzene-
13
C into the collected samples.  Later, the products were 
concentrated to a final volume of 1 ml in a rotary evaporator.  Before injecting the sample 
into the GC-QQQMS, the concentrated samples were diluted to save the column from 
saturation and to achieve accurate results within the range of the calibration curve.  
Development of a calibration curve for the known sample of catechol (2‒10 ppm) allowed 
accurate quantification.  Deuterated biphenyl (D10) and benzene-
13
C were recovered at 87‒
94 % and 98‒99 %, respectively, for the selected temperatures.  The detailed method used to 
analyse the catechol is given in Chapter 3. 
 
 
9.3.  Results and discussion 
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9.3.1.  Sensitisation of catechol oxidation in the presence of NOx 
 
It has been extensively reported that small amounts of NOx can alter the oxidation chemistry 
of burning fuels.  The literature reports numerous studies on such interactions of fuel and 
NOx, particularly on C1‒C2 hydrocarbons
38-42





  The sensitisation of hydrocarbons is attributed to the reactions of NOx with H2, 
O2, CH2O, CH4 and C2H6.  The presence of a radical pool (H/O/OH/HO2) and hydrocarbon 
radicals can cause NO and NO2 to form through recycling processes, such as the 
decomposition of nitrous acid.  Consequently, the recycled NO and NO2 enhance the 
oxidation of hydrocarbons via chain propagation radicals (OH and CH3) such as NO2 + CH3 






 studied the sensitisation effects of NOx on methane, ethane and their blends at 
temperatures of 627‒777 °C and pressures of 25‒50 bar.  They observed an enhanced 
oxidation of a methane gas blend, even with small amounts of NOx.  Ramussen et al.
45
 carried 
out experiments in high-pressure laminar flow reactor for a methane and NOx system at 
distinct pressure conditions of 20, 50, and 100 bar, and a temperature range of 327‒627 °C.  
The results demonstrated a significant decrease in the initiation temperature of reaction upon 
addition of NOx, and a similar effect was observed with increasing pressure.  
Sivaramakrishnan et al.
48
 conducted a shock tube study where dilute methane-ethane 
mixtures enhanced oxidation in the presence of NOx at high pressure (∼50 bar) and 
temperatures of 727‒1227 
o
C.  Recently, Oluwoye et al.
49
 studied the premature ignition of 
morpholine as a biomass-modelled compound, particularly the sensitising effect of NOx that 
can cause fires in the timber industry and in underground coal mining.  They conducted the 
experiments in a laminar flow reactor under constant pressure, fuel rich conditions, a 
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residence time of 1 s and a temperature range of 300‒1100 °C.  They observed a 150 
o
C 
reduction in the ignition temperature of morpholine when NOx (620 ppm) was present. 
The literature has reported many aspects of the thermal and oxidative decomposition of 
catechol.
33, 50
  The decomposition of catechol starts through hydroxyl H migration to a 
neighbouring ortho-carbon-containing H atom.  Figure 9.2 illustrates the conversion of 
catechol under an oxidative NOx atmosphere.  At 400 °C, the conversion of catechol appears 
more readily under NOx oxidative environment than in a pure oxidation condition.  It is 
anticipated that the formation of organic nitrites and nitrates reduces the oxidative 
temperature of catechol.  The findings are consistent with Oluwoye et al.
49
 (promotion of 
morpholine ignition due to NOx) and with other fuels discussed in the literature.
45, 51-52
  
Further investigations are required (beyond the scope of this chapter) to determine the 
interaction mechanism of NOx and catechol, with specific focus on the potential for 
premature ignition, as catechol is a potent source of toxic polychlorinated dibenzo-p-dioxins 
and dibenzofurans (PCDD/Fs) and their N-analogous compounds.
36
  The conversion of 
catechol is calculated using equation E9.2.  Relative to clean oxidation conditions, the initial 
NO concentration (600 ppm) increases the catechol conversion percentage to between 





˟ 100       E9.2 
 
We will discuss the nitration of phenol, which is a similar hydroxylated benzene entity with one 
less hydroxyl group attached to benzene, compared to catechol.  Berndt and Boge
53
 studied the 
gas-phase reaction of OH radicals with phenol.  They observed the maximum yield of catechol via 
phenol oxidation (OH + O2) with a small amount of nitrophenol (from the oxidation of phenol) in 
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the presence of NO2.  Nitrophenol generation is thought to take place through the formation of a 
phenoxy radical intermediate and subsequent reaction with NO2.
54
  However, Bertho et al.
55
 
reported that the phenyl nitrite (C6H5O–NO) bond dissociation energy amounts to 88.2 kJ mol
-1
, 
suggesting that R‒NO is highly thermally unstable. 
  




Figure 9.2.  Conversion profiles of catechol in He-O2 and He-NOx-O2 atmospheres with a 
residence time of 2 s and equivalence ratio of 1.25.   
 
 
9.3.2.  Formation of gaseous products 
 
Figures 9.3a and 9.3b show the typical FTIR spectra (with the identified species) of products 
at the exit stream of the reactor for the case of catechol decomposition in pure oxygen, and in 
the NOx oxidative condition.  The characteristic IR bands used to quantify methane, 
















, respectively.  The concentration of NO was monitored via NOx 
analyser. 
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Figure 9.3.  Annotated IR spectra of product species during decomposition of catechol in a) 




In a catechol-O2-NOx system, the reaction chemistry of NOx is based on the interaction of 
hydrocarbon fragments that form via pyrolysis and oxidative decomposition of catechol.  
Formation of hydrocarbon radicals and fragments is dependent on the thermal and oxidative 
decomposition of catechol, and the later process produces radicals (CHi) at a lower 
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temperature than the former decomposition process.  Increases in temperature produce more 
CHi radicals and result in more interactions with NO.  Subsequently, this leads to increases in 




With the decomposition of catechol, below 600 °C, we did not observe the formation of 
hydrocarbons in the He-O2 system, nor any nitrogenated species and hydrocarbons in the He-
NOx-O2 environment, for except CO and CO2.  Figures 9.4a and 9.4b depict the 
concentrations of selected species produced from the decomposition of catechol under the 
fuel rich condition (𝜙 = 1.25).  The formation of C1‒C2 hydrocarbons increased with 
temperature.  The major product of catechol oxidation (He-O2) in the fuel rich condition was 
CO, which peaked at 1000 °C.  The contributions of identified species of hydrocarbons 
started from 700 °C, reaching their respective peaks at 800 °C, with the major species 
appearing to be ethylene followed by methane, acetylene and formaldehyde.  For oxidation of 
catechol in the NOx atmosphere, Figure 9.4b shows the early formation of hydrocarbons 
(ethylene and formaldehyde) starting from 600 °C, which shows the sensitising role of NOx 
on catechol conversion.  Additionally, the presence of NOx reduced the concentration of 
hydrocarbons, which is consistent with a study of morpholine + NOx.
49
  Again, the major 
product was CO, which reached a maximum value at 900 °C, earlier than what we observed 
in the case of clean oxidation of catechol (peak at 1000 
o
C).  Overall, more CO was formed 
under the NOx oxidative environment than with the pure oxidation of catechol.  At higher 
temperatures, CO was mostly converted into CO2.  For instance, in He-O2, the level of CO 
started decreasing from its peak value and converted to CO2 above 1000 
o
C. A similar trend 
was observed for He-NOx-O2 system—the concentration of CO2 increased above 900 
o
C 
while the level of CO decreased.  The peak concentration of HCN under NOx-laden 
atmosphere appeared at 800 °C and followed a decreasing trend up to 1200 °C due to the fast 
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oxidation reactions of HCN.  The formation of HCN was linked to the interaction of NO and 
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Figure 9.4.  Concentration profiles of selected product species identified during the 
decomposition of catechol under a) oxidative and b) NOx oxidative atmospheres with a 
residence time of 2 s and fuel equivalence ratio (𝜙) of 1.25.  The initial concentration of NO 
was 600 ppm. 
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9.3.3.  Reduction of NO with catechol oxidative fragments. 
 





˟ 100        E9.3 
 
Increases in temperature promote catechol decomposition and oxidation products, which 
increases NO mitigation efficiency.  Figure 9.5 depicts that above 800 °C, products of 
catechol under the fuel rich condition (𝜙 =1.25) are enough to reduce NO, and peaks at 81 % 
(at 900 °C) for τ = 2 s, after which NO reduction decreases to 78 % due to the activity of the 
reduction mechanism at higher temperatures.
14
  At a temperature range of 800‒1200 °C, the 
percentage of NO converted into N2 was 25‒39 %, and the nitrogen balance remained within 
72‒81 %, based on NO, N2 and HCN present in the system as outlined in table 9.1.  The 
concentration of NO in the vaporiser and at the inlet of the reactor are the same. 






































Figure 9.5.  Reduction efficiency of NOx for He‒Catechol‒O2‒NOx vs. He‒NOx as a function 
of temperature for 𝜙 =1.25.  
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800 600 200 125.0 162 81.3 
900 600 110 194.8 152 76.1 
1000 600 122 234.7 72 71.5 
1100 600 126 236.4 72 72.4 
1200 600 130 284.2 20 72.3 
 
While we did not observe the formation of ammonia (NH3) at the studied experimental 
temperatures of 400‒1200 °C, its formation is very plausible.  We anticipate the formation of 
small amounts of NH3 and subsequent oxidation into an amidogen radical (NH2) intermediate 
via reaction R9.1. The amidogen radical is very selective in the reduction of NO into nitrogen 
and NHH through reactions R9.2 and R9.3, respectively.  The overall reaction chemistry is 
self-sustaining if the reactions of NH2 and NO regenerate O and OH radical pools to convert 
more NH3 into NH2 radicals.
58





NH3 + OH/O ⇌ NH2 + H2O/OH       R9.1 
NH2 + NO ⇌ N2 + H2O        R9.2 
NH2 + NO ⇌ NNH + OH        R9.3 
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Nitrogenated species formed from the interaction of hydrocarbon with NOx, particularly in 
reburning, are HCN, HCNO, and NH3; these species are also able to regenerate NO through 
the oxidative process. The chemistry involved in NO-reburning is quite complex and still 
needs both experimental and computational investigations, particularly at moderate 
temperatures.  Figure 9.4b shows and confirms the reaction of NO with hydrocarbon radicals 
that increases the concentration of HCN through reaction R9.4 according to temperature, and 
subsequent oxidises into N2 following reaction R9.5.  Reaction R9.4 primarily depends on the 
concentration of hydrocarbons. 
 
NO + CxHy → HCN + …..        R9.4 
HCN + O/OH → N2 + …..        R9.5 
Chan et al.
60
 elucidated that the end product of the interaction of hydrocarbon and NO is 
HCN sourced from the potent CN and HCNO intermediates.  HCN consumes OH and O 
radicals via the following subset of reactions: 
 
HCN + OH → HOCN + H        R9.6 
HCN + OH → HNCO + H        R9.7 
HCN + O → NCO + H        R9.8 
HCN + O → NH + CO        R9.10 
NH + NO → N2 + O         R9.11 
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The efficiency of the hydrocarbon interaction with NOx depends on the temperature profiles 
of the chemical species (N-compounds, carbon monoxide, and hydrocarbons) as well as the 





9.3.4.  Further literature comparison 
 













 and bio gas.
69
  At high temperature 







 and mixtures of small hydrocarbons,
48
 have been employed for the reduction of 
NO; while for low temperature reburning, C1‒C4 hydrocarbons have been tested.
56, 72-73
  The 
reduction efficiency of NO using biomass has been addressed in detail in Chapter 2.  The 
present content compares the effects of hydrocarbons on NO mitigation that are pertinent to 
fuel reburning conditions. 
Figure 9.6 summarises the results of NO reduction efficiency by different hydrocarbons at 
nearly the same equivalence ratios.
13, 56, 74-76
  For linear hydrocarbons, propane and ethane 
show maximum reduction efficiency at 1000 °C and 𝜙 = 1.51.  Among the aromatic 
hydrocarbons, phenol shows matching performance with catechol at 1200 
o
C (~79 % NO 
reduction), while benzene is able to reduce only 50 % of the NO.  The NO mitigation 
performance of morpholine is achieved at a relatively lower temperature (above 80 % at 800 
°C) as compared to catechol that had maximum NO reduction at 900 °C.  The variation in 
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Figure 9.6.  Reduction efficiency as a function of temperature at similar equivalence ratios 
according to various studies: a) this study, catechol, 𝜙 = 1.25, b) Liu et al.78, phenol, 𝜙 = 
1.35; c) Glaborg et al.
79
, methane, 𝜙 = 1.16; d) Lecomte et al.80, ethane, 𝜙 = 1.51; e) Glaborg 
et al.
79
, ethane 𝜙 = 1.35; f) Dagaut et al.56, propane, 𝜙 = 1.51; g) Zhang et al.77, benzene, 𝜙 = 
1.51; h) Zhang et al.
77
, benzene, 𝜙 = 1.  
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9.4.  Conclusion  
 
The current chapter experimentally investigated the reduction of NOx using catechol under a 
fuel-rich condition with a residence time of 2 s and temperature range of 400‒1200 °C.  Flow 
reactor experiments were performed for the oxidation of catechol with and without NOx.  At 
similar temperatures, more decomposition products were noted under the NOx atmosphere 
compared to clean catechol oxidation.  We observed maximum NO reduction at 900 °C, 
which is a similar temperature to that used in practical reburning technology, suggesting 
biomass is a viable fuel source for NOx mitigation.  Catechol shows better performance at 
temperature range 700‒900 °C while above 900 °C, there is almost no effect compared to 
conventional hydrocarbon fuels used as reburn fuel (e.g., ethane and propane).  The two OH 
groups attached to the catechol aromatic ring may have allowed NO reduction at lower 
temperatures, especially in fuel-rich conditions. 
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 This chapter highlights concluding remarks of the dissertation and sets out some noteworthy 
directions for future potential work in line with the findings presented in the thesis.  
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10.1.  Conclusion 
 
Significant discrepancies exist in the literature regarding the kinetics and mechanisms 
pertinent to H abstraction from hydrocarbons by NH2 radicals.  To resolve these 
disagreements, we studied H abstraction reactions for a wide range of saturated and 
unsaturated hydrocarbons and estimated relevant thermo-kinetic parameters of these 
biomolecular gas-phase reactions using the CBS-QB3 method.  We considered the tunnelling 
effects and accounted for hindered rotors in our estimation of the reaction rate constants 
based on the conventional transition state theory.  The removal of H from methane displayed 
a reasonable agreement with the available experimental measurements at 300–500 K with the 
ratio of kcalculated/kexperimental equalling 0.3–2.5, while in the 1600–2000 K temperature window, 
the calculated reaction rate constants showed the ratio of kcalculated/kexperimental equalling 1.1–
1.4.  For ethane, the abstraction of H reached a ratio of kcalculated/kexperimental equal to 0.10–1.2 
and 1.3–1.5 across the temperature windows of available experimental measurements, i.e. 
300–900 K and 1500–2000 K, respectively.  Overall, the average ratio of kcalculated /kexperimental 
for methane + NH2, ethane + NH2 and n-butane + NH2 remained within 1.1–1.5, increasing 
to 2.6 for propane, within the temperature windows of the experimental measurements.  We 
presented generalised parameters for the studied reactions of hydrocarbon (C1‒C4) species, 
and fewer C5 hydrocarbons of 2-methylbutane, 2-methyl-1-butene, 3-methyl-1-butene, 3-
methyl-2-butene and 3-methyl-1-butyne with NH2 from different C-H bond types, per one 
abstractable H atom.  We observed the mean unsigned error of CBS-QB3 measurements as 
3.7 kJ mol
-1
 when comparing CBS-QB3 computed standard enthalpy of reactions (ΔrHº298) 
with the available experimental analogous ΔrHº298 values of alkanes.  Evans-Polanyi plots for 
studied reactions showed that the bond dissociation enthalpies correlated linearly with the 
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standard enthalpy of activation (Δ⧧Hº298), which should be helpful in determining the Δ⧧Hº298 
of the hydrocarbons not yet studied. 
 
We deployed the CBS-QB3 computational method to develop thermochemical and kinetic 
parameters of H removal from the alkyl side chains in alkylbenzenes (methylbenzene, 
ethylbenzene and n-propylbenzene) as well as the attachment of NH2 at the four plausible 
sites of the phenyl ring in toluene and ethylbenzene.  Computation of kinetic parameters was 
performed based on the conventional transition state theory with the inclusion of a one-
dimensional Eckart barrier and hindered-rotor treatment for harmonic oscillators.  We 
observed that the abstraction of the benzylic H atom in toluene was the only favourable 
reaction corridor at all temperatures.  A similar trend was observed for ethylbenzene and n-
propylbenzene.  We noticed an increase in the kinetic importance of the primary H removal 
in ethylbenzene with increasing temperatures with the maximum contribution reported as 
28.3 % at the high end of the considered temperature region (2000 K).  The sum of the 
contribution from the four addition pathways in toluene and ethylbenzene within a 
temperature range of 300–2000 K peaked at 2.4 % and 9.3 %, respectively.  This indicates the 
dominance of the H abstraction reactions from the side chain of alkylbenzenes over the 
addition of NH2 at the aromatic ring in alkylbenzenes.  Moreover, the comparison of primary 
H abstraction reactions for the reaction rate constants of ethylbenzene and n-propylbenzene 
with those of the analogous sites in alkanes revealed a minimal effect of the aromatic ring.  
Accordingly, H removal from primary and secondary C-H sites in alkanes and alkylbenzenes 
by NH2 radicals proceeded via similar values of Δ⧧Hº298 and ΔrHº298.   
 
A considerable ambiguity exists for the kinetics of the reaction of nitrogen dioxide (NO2) 
with hydrocarbons, particularly in low-temperature combustion systems.  The accurate CBS-
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QB3 method was utilised to calculate the thermochemistry and reaction kinetics parameters 
of H abstraction from C1‒C4 hydrocarbons and ethylbenzene by NO2 radicals.  Arrhenius rate 
parameters were estimated based on conventional transition state theory at the high-pressure 
limit while accounting for Eckart’s tunnelling.  Based on Δ⧧Hº298 values, we found that the 
formation of cis-HONO (via H abstraction by NO2) was the sole feasible channel compared 
to the competing potential formation of iso-HNO2 and trans-HONO isomers.  In comparison 
with previous literature values for C1‒C4 alkanes, mean unsigned errors in reaction energies 
(ΔrE0) for the generation of trans-HONO, cis-HONO and iso-HNO2 via H abstraction from 
primary, secondary and tertiary H abstraction from methane, propane and iso-butane 
amounted to 1.8 kJ mol
-1
, 5.5 kJ mol
-1
 and 2.5 kJ mol
-1
, respectively.  For the abstraction of H 
from methane by NO2 radical forming cis-HONO and trans-HONO, the comparison of the 
computed reaction rate (CBS-QB3) showed good agreement with the available experimental 
measurements, i.e. kcalculated/kexperimental ratio of around 0.47–0.73 over the temperature range of 
800–1100 K.  All considered reactions of hydrocarbons with NO2 systematically indicated 
that the dominant product was cis-HONO + R.  Evans-Polanyi plots for alkanes and alkenes 
showed an apparent linear trend between bond dissociation enthalpies and values of Δ⧧Hº298. 
 
The formation of side products such as nitrous oxide (N2O) in the NOxOUT process requires 
re-optimisation of the NOx mitigation technique.  Herein, we suggested the addition of 
catechol as an active molecular scavenger of N2O.  Structural and energy computations were 
performed at the meta-hybrid DFT functional of M05-2X with the basis set 6-311+G(d,p).  
The plausible reaction routes of N2O with catechol split into three initial pathways: (i) 1,2-
cycloaddition to the catechol chemical species, which resulted in a heteroatomic fused two-
ring adduct followed by removal of N2 molecule via 1,2-hydrogen shift; (ii) abstraction of an 
O atom from N2O by the catechol ring leading to the formation of an epoxide intermediate 
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and N2 molecule and (iii) abstractions of the two H-hydroxyl atoms by N2O forming HNNOH 
and 1,4-benzoquinone.  The standard activation barriers associated with routes (i), (ii) and 
(iii) were 184.8 kJ mol
-1
, 257.5 kJ mol
-1
 and 281.5 kJ mol
-1
, respectively.  Accordingly, 
pathways (ii) and (iii) were of minor significance compared to pathway (i), i.e. 1,2-
cycloaddition of N2O into catechol molecule. 
 
The gas phase decomposition of ammonium nitrate (AN) is well reported in the literature 
compared to its decomposition in the condensed phase.  Therefore, the role of the reaction 
medium on the mechanism of AN decomposition requires further scrutiny.  We theoretically 
accounted for reactions prevailing during the thermal decomposition of AN both in the gas 
phase and in an aqueous medium.  We simulated the aqueous phase reactions by employing a 
PCM solvation model with the CBS-QB3 method as well as via the addition of explicit water 
molecules.  Both approaches were executed at the CBS-QB3 level of theory.  Energies 
estimated with the inclusion of three water molecules were notably smaller compared to those 
evaluated from both a solvation model and a pure gas phase system.  By observing the effect of 
explicit water molecules, we noticed that there was an interaction between transition structures and 
water molecules.  Overall, we showed that water molecules exhibited a profound effect by 
reducing activation enthalpies when contrasted with analogous gas phase reactions, i.e. by 
1.8–10.6 kcal mol
-1
.  Many kinetic experiments have been performed to measure the reaction 
rate constant of NH3 + OH → NH2 + H2O, calculated as 1.5 × 10
-13





/molecule s at 300 K.  Our prediction of reaction rate constant for the reaction (NH3 + OH 
→ NH2 + H2O) is within a factor of 3.5 from the rather limited analogous experimental 
values. 
 
10.2.  Recommendations  




Reactive hydrocarbon free radicals and oxygenated carbon-centred free radicals are produced 
in several NOx-containing environments such as atmospheric oxidation and low-temperature 
combustion systems.  In addition to the pure hydrocarbon species investigated in our work, it 
would be insightful to study reactions of oxygenated hydrocarbon (aldehydes, ketones and 
alcohols) and higher aromatic hydrocarbons with NOx and NO2 radicals.  Along the same line 
of interest, tracing the fate of NOx and NO2 during the combustion of transportation fuels 
requires accurate reaction rate constants for the interaction of the two title radicals with alkyl 
benzenes; the latter signifies an important group of hydrocarbons in commercial diesel and 
gasoline fractions.  Biomass structural entities entail various attached functional groups 
(halogens, – OH and – CH3), and thus it would be instrumental to explore the effect of these 
functional groups on the kinetics of NH2/NO2 reactions with structural surrogates that mimic 
biomass constituents.  Obtained NH2 rate parameters in the present study could be utilised to 
improve the accuracy of kinetics models of NH2-containing species such as ethylamine, 
morpholine and acetamide, i.e. the commonly deployed N-surrogate species.  
 
We have studied the mechanistic routes for the reduction of N2O by catechol.  As catechol is 
generally regarded as a good structural representative of hydroxylated aromatic compounds 
in biomass, it is intuitive to contrast the N2O/NO reduction efficiencies with other plausible 
biomass compound representatives such as anisole and furfural.   
 
Herein, we studied the unimolecular decomposition of AN as an isolated molecule.  
However, a more accurate representation of AN could be attained by deploying an extended 
periodic model of AN based on its unit cell.  Figure 10.1 depicts the unit cell of AN and its 
Miller index termination along 100 directions.  Prominent steps to investigate within a solid 
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model of AN includes intramolecular H transfer, direct formation of NH3/NH2 and emission 
of NOx.  Likewise, the interaction of AN with hydrocarbon fuels is an important reaction in 
emulsion based explosives.  Utilising the extended real model of AN would facilitate 
investigating the initial step of the reaction between hydrocarbon fuel oils and AN.  Solid-
state quantum chemistry codes enable explanation for solvation models. Hence, the effect of 
water solvent medium on thermal decomposition of AN could be described more rigorously.  
 
 
Figure 10.1.  Ammonium nitrate unit cell showing 100 directions.  Molecule colours are 
hydrogen = white, oxygen= red and nitrogen = blue. 
 
Finally, we observed a substantial reduction of NOx through co-oxidation of catechol, with 
the generation of hydrogen cyanide confirmed via FTIR and formation of nitrogen verified by 
µ-GC.  Further confirmation of interactions between catechol and NOx, necessitates 
identification and quantitative measurements of nitro- and nitroso-adducts via robust 
experimental techniques.  This would be instrumental to construct a robust kinetics model for 
the reaction of NOx by catechol.  The underlying aim is to understand the factors (operational 








c = 17.9 Å 
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of catechol with NOx.  The effect of fuel equivalency ratios on the reduction efficiency 
requires a thorough investigation.  In addition to catechol, many candidates could be tested 
for their efficiency in converting NOx into nitrogen, which includes real biomass samples, 
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Appendix I:  Supplementary Information for Chapter 4 
 
Table S4.1.  Comparison of standard activation enthalpy (Δ⧧Hº298) and standard enthalpy 
change of reaction (ΔrHº298) using CBS-QB3, CBS-APNO and G4 method at 298.15 K.  All 










R1 -9.4 50.1 -9.4 55.2 -10.1 48.1 
R2 -24.8 37.3 -25.4 42.0 -25.3 35.6 
R3a -21.8 35.1 -23.4 40.8 -22.5 35.8 
R3b -36.4 26.9 -37.2 30.5 -36.5 24.9 
R4b -35.4 25.1 -37.3 27.5   
R5b -43.7 18.8 -44.9 18.4   
R6 -41.2 18.2 -43.1 19.1   
R7a 16.4 44.3 16.8 47.9   
R7b -90.0 19.7 -87.7 23.4   
R8 -28.4 31.0 -32.7 31.7   
R9 -87.2 23.2 -84.7 26.2   
R12 12.5 49.6 13.5 54.5   
R16 -89.8 12.5 -89.0 12.7   
Mean unsigned error of  ΔrHº298 and Δ⧧Hº298 between CBS-QB3 and G4 method 
1.48  kJ mol
-1
 and 2.94  kJ mol
-1
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Table S4.2.  Comparison of calculated bond dissociation enthalpies (BDH) of C-H bond 















methane CH4 → H + p-CH3 R1 440.9 439.3
1
 1.6 




C3H8 → H + p-C3H7 R3a 428.4 422.2
3
 6.2 




n-C4H10 → p-C4H9 + H R4a 426.4 421.3
5
 5.1 




i-C4H10 → p-C4H9 + H R5a 427.9 419.2
7
 8.7 
i-C4H10 → t-C4H9 + H R5b 406.6 400.4
3
 6.2 




C3H6 → v-C3H5 + H R7a 466.6 464.8
8
 1.8 
C3H6 → a-C3H5 + H R7b 359.3 368.6
3
 9.3 
1-butene 1-C4H8 → p-C4H7 + H R8 421.8 410.5
9
 11.3 
2-butene 2-C4H8 → a-C4H7 + H R9 363.0 355.8
10
 7.2 




C5H10 → p-C5H9 + H R11a 428.0 NA  
C5H10 → a-C5H9 + H R11b 345.3 332.6
11
 12.7 
ethylene C2H4 → v-C2H3 + H R12 462.7 465.3
12
 2.6 
3-methyl-2-butene C5H10 → a-C5H9 + H R13 365.3 352.4
10
 12.9 
1-butyne 1-C4H6 → s-C4H5 + H R14 365.2 355.6
13
 9.6 
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2-butyne 2-C4H6 → p-C4H5 + H R15 377.0 379.5
14
 2.5 
3-methyl-1-butene C5H8 → t-C5H7 + NH3 R16 356.9 345.2
15 
11.7 
   Mean Unsigned Error 7.1 
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Table S4.3.  Calculated energies, vibrational frequencies and moments of inertia for the VTST calculations for Reaction R3b. 
 s (amu) 
MEPs  -0.25 -0.20 -0.15 -0.10 -0.05 0.00 0.05 0.100 0.15 0.20 0.25 












































































88.6905i 302.9124i 690.8752i 1047.8626i 1310.8017i 1502.5764i 1630.4013i 1682.5521i 1659.1929i 1549.4160i 1355.0745i 
69.5771 68.8006 67.2232 65.8074 64.3634 62.8117 61.2028 59.9050 58.9937 37.5410 33.3541 
60.2 75.8 94.4 107.0 117.4 126.5 134.6 140.7 144.8 142.0 142.0 
117.9 125.2 141.6 152.5 160.8 167.7 173.2 176.8 178.7 163.7 160.0 
220.2 219.4 217.9 216.5 214.9 212.9 210.4 207.6 204.3 189.8 185.3 
276.1 267.9 260.0 255.5 252.0 248.6 245.1 241.7 238.0 237.9 234.0 
370.1 367.0 364.3 363.6 363.8 364.4 365.5 366.7 367.9 365.3 366.1 
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599.3 614.4 630.6 595.9 563.1 540.9 527.0 520.4 519.5 487.1 495.7 
646.7 646.9 631.6 642.4 650.0 655.2 657.4 656.2 651.2 626.9 623.1 
831.3 847.2 845.9 760.9 726.0 710.8 700.3 691.4 682.3 734.2 717.2 
873.9 873.4 863.8 867.5 869.1 869.6 869.3 868.1 865.4 863.8 857.2 
925.7 926.8 928.0 912.2 913.7 917.2 918.6 916.8 912.2 911.6 908.9 
945.6 948.3 951.1 928.9 929.6 930.4 931.1 931.8 932.5 932.5 933.1 
1087.9 1092.9 957.7 952.6 953.3 953.6 953.4 952.8 951.8 948.6 946.9 
1165.1 1157.5 1099.8 1105.1 1109.5 1113.5 1117.0 1119.6 1121.7 1121.1 1122.4 
1192.4 1192.3 1168.7 1164.3 1161.7 1159.3 1156.9 1154.4 1151.8 1165.6 1165.5 
1326.7 1276.6 1192.6 1191.6 1190.6 1189.4 1188.0 1186.8 1185.6 1186.7 1185.5 
1373.4 1331.5 1337.3 1341.4 1345.0 1348.4 1351.6 1354.4 1356.8 1335.8 1341.3 
1389.1 1393.6 1396.6 1397.8 1393.9 1384.0 1374.6 1366.8 1360.9 1361.8 1360.9 
1409.2 1416.3 1415.6 1405.1 1398.6 1399.4 1400.1 1400.7 1401.4 1403.4 1403.2 
1417.7 1417.2 1424.4 1417.2 1416.4 1415.9 1415.4 1415.0 1414.7 1414.5 1414.3 
1488.5 1487.9 1430.3 1442.9 1455.5 1468.8 1479.0 1481.0 1480.7 1479.4 1478.6 
1493.2 1490.5 1487.1 1486.5 1485.9 1485.5 1485.6 1485.7 1485.3 1481.7 1480.9 
Chapter 11 ‒ Supplementary Document 
350 
 
1502.8 1492.6 1491.9 1491.3 1491.0 1491.7 1497.2 1496.3 1495.5 1492.7 1491.9 
1505.6 1503.5 1501.3 1500.2 1499.2 1498.3 1498.1 1499.9 1498.8 1497.5 1496.7 
 1540.5 1508.8 1504.5 1503.6 1502.8 1501.9 1500.9 1514.5 1536.0 1552.1 1575.6 
1708.0 1544.3 1545.3 1547.8 1550.8 1554.6 1559.6 1565.6 1573.1 1584.2 1593.9 
3006.5 3005.3 3003.3 3001.3 2999.1 2996.6 2993.6 2990.4 2987.0 2982.4 2978.6 
3010.6 3009.4 3007.4 3005.4 3003.3 3000.8 2997.9 2994.7 2991.2 2987.2 2983.6 
3035.2 3037.2 3040.4 3042.9 3045.1 3047.0 3048.2 3048.5 3048.1 3047.6 3046.3 
3059.1 3057.9 3056.2 3054.9 3053.6 3052.4 3051.0 3049.7 3048.3 3053.5 3052.9 
3065.9 3064.8 3063.4 3062.6 3062.3 3062.7 3064.1 3066.6 3069.8 3071.0 3074.4 
3082.3 3082.9 3083.7 3084.3 3084.9 3085.4 3085.9 3086.3 3086.5 3088.8 3089.2 
3085.8 3086.6 3087.7 3088.7 3089.6 3090.5 3091.6 3092.7 3094.1 3098.9 3099.8 
3351.1 3354.2 3358.8 3363.1 3367.5 3372.6 3378.5 3384.9 3392.2 3400.1 3408.6 
3441.3 3444.4 3449.0 3453.1 3457.4 3462.2 3467.8 3474.0 3480.8 3488.3 3496.1 
s: represent minimum energy pathways (MEPs) 
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Table S4.5.  Comparison of experimental and calculated (at CBS-QB3 level) standard 
enthalpy of reaction (ΔrHº298).  The table presents the values of standard activation enthalpy 













R1 -10.9 -9.4 1.5 50.1 
R2 -26.8 -24.8 2.0 37.3 
R3a -29.2 -21.8 7.4 40.8 
R3b -36.8 -36.4 0.4 26.9 
R4a    34.5 
R4b    25.1 
R5a -30.9 -22.2 8.7 35.1 




R6    18.2 
R7a    44.3 
R7b    19.7 
R8    31.0 
R9    23.2 
R10    13.8 
R11a    33.6 











 Experimental standard enthalpy change of reaction at 298.15 K from reference 22. 
b
 Calculated standard enthalpy change of reaction using CBS-QB3 method at 298.15 K 
(present work). 
c
 Standard enthalpy of activation calculated at CBS-QB3 level at 298.15 K 
  
R11b    11.2 
R12    49.6 
R13    22.7 
R14    16.7 
R15    27.2 
R16    15.2 
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Figure S4.1.  Energy profiles of the MEPs along R3b. 
 






































Figure S4.2.  Comparison of rate constants for Reaction R3b for TST and VTST 
formalisms, calculated at the CBS-QB3 level of theory and for the temperature range of 
300‒2000 K. 
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Figure S4.3.  Comparison of the Arrhenius plots of the rate constant for (a) primary H 
abstraction from alkanes (b) secondary H abstraction from alkanes (c) tertiary H abstraction 
from alkanes (d) primary H abstraction from alkenes (e) vinylic H abstraction from alkenes 
and (f) allylic H abstraction from alkenes by NH2 with the corresponding Arrhenius plot of 
the generalised rate parameters, per one abstractable H atom, fitted between 300 and 2000 K. 
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Figure S4.4.  Ratio of calculated to experimental rate constants for Reaction R1 in the 
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Figure S4.5.  Ratio of calculated to experimental rate constants for Reaction R2 in the 



















































Figure S4.6.  Ratio of calculated to experimental rate constants for Reaction R3 in the 

















































Figure S4.7.  Ratio of calculated to experimental rate constants for Reaction R4 in the 
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Figure S5.1.  Arrhenius plots for the rate constant for H abstraction reactions from the alkyl 
side chain in alkylbenzenes by NH2. 
 










































Figure S5.2.  Arrhenius plots for the rate constant for addition reactions of NH2 to toluene.   
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Figure S5.3.  Arrhenius plots for the rate constant for the addition reactions of NH2 to 
ethylbenzene. 



































Figure S5.4.  Δ⧧S298 values for the abstraction and addition reactions of NH2 with toluene 
(R1, R11, R12, R13 and R14) over temperature interval of 600–1400 K. 
  



































Figure S5.5.  Δ⧧S298 values for benzylic H abstraction reactions from toluene (R1) and  









 C                 -1.73587900   -1.19123600   -0.24307500 
 C                 -2.38466500    0.02462600   -0.45805000 
 C                 -1.71690000    1.21755600   -0.18407500 
 C                 -0.41319200    1.19380300    0.29949800 
 C                  0.25374600   -0.02166400    0.52493100 
 C                 -0.43286700   -1.21389800    0.24068200 
 H                 -2.24858700   -2.12361200   -0.45244700 
 H                 -3.40144900    0.04189500   -0.83357300 
 H                 -2.21518600    2.16744400   -0.34403200 
 H                  0.09817900    2.12689200    0.51458200 
 H                  0.06632000   -2.16360500    0.40242400 
 C                  1.65286200   -0.04701300    1.00132800 
 H                  1.91402900   -0.93500800    1.57888300 
 H                  2.41669800   -0.16666500    0.01499000 
 H                  1.96520400    0.86234500    1.51434800 
 H                  4.08105000    0.41205900   -0.59239400 
 N                  3.30727200   -0.09101900   -1.04353300 
 H                  2.83420800    0.64234700   -1.58547900 





 C                  0.13543000   -0.54322900    0.36326500 
 C                  0.30270000    0.82705500    0.60003300 
 C                  1.50554900    1.45951100    0.29536500 
 C                  2.56344300    0.73383100   -0.25027700 
 C                  2.40877100   -0.62910100   -0.49006300 
 C                  1.20381300   -1.25960800   -0.18435800 
 H                 -0.52085500    1.39932000    1.01360400 
 H                  1.61848700    2.52081900    0.48864800 
 H                  3.50087900    1.22632500   -0.48340700 
 H                  3.22673500   -1.20391000   -0.91060800 
 H                  1.09331600   -2.32390700   -0.36866700 
 C                 -1.17986000   -1.22738100    0.67396300 
 H                 -1.55428100   -0.88710900    1.64547900 
 H                 -1.00624500   -2.30707400    0.77646700 
 C                 -2.25386600   -1.00044600   -0.37998500 
 H                 -1.92072100   -1.16179000   -1.40562800 
 H                 -3.19195600   -1.52011900   -0.17557500 
 H                 -2.58417000    0.25951900   -0.29450000 
 H                 -2.36628600    1.83122700   -1.11113100 
 N                 -2.93325700    1.51043200   -0.31878700 





 C                  0.03213700    0.05754500    0.33956100 
 C                 -0.55815000    1.05424300   -0.45298700 
 C                 -1.91310100    1.00869300   -0.77126500 
 C                 -2.71075500   -0.03556400   -0.30915700 
 C                 -2.14017900   -1.03583500    0.47800000 
 C                 -0.78831200   -0.98818800    0.79634600 
 H                  0.04140600    1.87920000   -0.81961300 
 H                 -2.34744100    1.79414200   -1.38018600 
 H                 -3.76562500   -0.06921500   -0.55681200 
 H                 -2.75161800   -1.85223600    0.84637800 
 H                 -0.35200600   -1.77100100    1.40853400 
 C                  1.48454300    0.04841300    0.67140200 
 H                  2.03495800   -0.73706700   -0.11274200 
 H                  1.66413300   -0.48475600    1.60917600 
 C                  2.25170800    1.36072800    0.61880700 
 H                  1.82467900    2.09908400    1.30639600 
 H                  3.29484900    1.20496700    0.90437000 
 H                  2.24748400    1.80112700   -0.38175900 
 H                  3.42128800   -0.83591300   -1.37895800 
 N                  2.68050300   -1.49759600   -1.11649600 
 H                  1.97701800   -1.36536200   -1.85355600 
 
 





 C                 -2.73633500   -1.20493600   -0.39600400 
 C                 -1.48412700   -1.20029900    0.21411100 
 C                 -0.83879200    0.00151700    0.52530800 
 C                 -1.48484800    1.20140100    0.20824100 
 C                 -2.73706600    1.20231300   -0.40187800 
 C                 -3.36739600   -0.00225200   -0.70664200 
 H                 -3.22170500   -2.14768400   -0.62378000 
 H                 -1.00310200   -2.14226200    0.45959900 
 H                 -1.00437100    2.14483400    0.44911000 
 H                 -3.22300100    2.14364500   -0.63425200 
 H                 -4.34390000   -0.00370100   -1.17764300 
 C                  0.53662000    0.00349200    1.15386100 
 H                  0.64755900    0.88348600    1.79590300 
 H                  0.64772100   -0.87264100    1.80114200 
 C                  1.67681900    0.00048500    0.10507000 
 H                  1.55608200   -0.87852600   -0.53758200 
 H                  1.55583800    0.87560000   -0.54284200 
 C                  3.05451900    0.00255900    0.73203900 
 H                  3.29236600   -0.89502600    1.30707200 
 H                  3.98828700    0.00030200   -0.17916600 
 H                  3.29207100    0.90356700    1.30181700 
 N                  4.76346400   -0.00324400   -1.22352800 
 H                  4.38023000   -0.81245100   -1.72511200 




C                  2.22636200    1.20588900    0.34899900 
 C                  0.92216800    0.84938200    0.68521100 
 C                  0.43317700   -0.43092100    0.39937800 
 C                  1.28644300   -1.34306800   -0.23000300 
 C                  2.59143200   -0.98978200   -0.56774100 
 C                  3.06599400    0.28738400   -0.27850100 
 H                  2.58861700    2.20135900    0.58191700 
 H                  0.27019500    1.57162700    1.16489900 
 H                  0.92683100   -2.34328400   -0.45204300 
 H                  3.23828500   -1.71376100   -1.05122700 
 H                  4.08226500    0.56366300   -0.53638800 
 C                 -0.99153500   -0.81150500    0.74081600 
 H                 -1.04439800   -1.89643300    0.90948700 
 H                 -1.28590500   -0.34095300    1.68547400 
 C                 -2.00864400   -0.43703700   -0.33406900 
 H                 -2.00924700    0.84710200   -0.34278400 
 H                 -1.67649900   -0.72553300   -1.33468200 
 C                 -3.43872000   -0.84773200   -0.04334500 
 H                 -3.78724500   -0.42470400    0.90378100 
 H                 -4.12065600   -0.51682900   -0.83118700 
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 H                 -3.52894500   -1.93922500    0.03123300 
 N                 -2.02092500    2.17376100   -0.42337700 
 H                 -2.81990900    2.30171200   -1.05479900 





C                  2.63607000    0.80043400   -0.71243200 
 C                  1.26119800    0.87387100   -0.89930400 
 C                  0.38675600   -0.00101300   -0.23287700 
 C                  0.94671700   -0.95042200    0.63634400 
 C                  2.32415800   -1.02707700    0.82250200 
 C                  3.17576300   -0.15320300    0.15042700 
 H                  3.28901900    1.48610500   -1.24117600 
 H                  0.84904800    1.62068400   -1.57021700 
 H                  0.30446500   -1.64028000    1.17064700 
 H                  2.73353000   -1.77248100    1.49564700 
 H                  4.24822400   -0.21374200    0.29690200 
 C                 -1.08261900    0.13520300   -0.43434600 
 H                 -1.43142100    1.03765900    0.33967700 
 H                 -1.29812700    0.59275100   -1.40536200 
 C                 -1.97036400   -1.08055900   -0.19213400 
 H                 -1.60168900   -1.91675900   -0.80030100 
 H                 -1.88652800   -1.40740700    0.84997400 
 C                 -3.44368400   -0.82518300   -0.52213100 
 H                 -3.57147900   -0.54849300   -1.57306700 
 H                 -4.05139800   -1.71415600   -0.33580900 
 H                 -3.84704400   -0.01105500    0.08680800 
 N                 -1.99234000    2.02366000    1.19962100 
 H                 -2.82745100    2.27897000    0.65874500 




 C                  0.15750000    1.03253600    0.31127100 
 H                  0.09007600    1.05496400    1.40124200 
 H                  1.11113600    0.18101500    0.05841800 
 H                  0.51165300    1.98743700   -0.07992100 
 C                 -1.06936400    0.47502900   -0.38178000 
 H                 -1.90153000    1.18449100   -0.26270300 
 H                 -0.88129800    0.41334800   -1.45955700 
 C                 -1.48841000   -0.90057800    0.14688600 
 H                 -2.37497300   -1.27217800   -0.37362100 
 H                 -0.68356800   -1.62676900    0.00908200 
 H                 -1.72346800   -0.85569800    1.21514800 
 N                  2.13823300   -0.59232300   -0.15798700 
 H                  2.75361900    0.06565400   -0.64915300 
 H                  2.53236700   -0.62792700    0.78871200 






 C                  0.00000000    0.00000000    0.00000000 
 H                  1.09797612    0.00000000    0.00000000 
 H                 -0.32769542    1.04307182    0.00000000 
 H                 -0.32826526   -0.45598701   -0.93885371 
 C                 -0.54309252   -0.76056794    1.19418706 
 H                 -0.35029573   -0.24653772    2.13971317 
 H                 -1.81600993   -0.73006890    1.05837830 
 C                 -0.18487758   -2.23293204    1.25172981 
 H                  0.90176523   -2.37053903    1.32795790 
 H                 -0.63903327   -2.72774076    2.11445873 
 H                 -0.51917227   -2.75444469    0.34982208 
 H                 -3.37068152   -1.04728048    1.93096890 
 N                 -3.14683991   -0.64530240    1.01319826 




 C                  0.00000000    0.00000000    0.00000000 
 H                  1.09447476    0.00000000    0.00000000 
 H                 -0.33035670    1.04221904    0.00000000 
 H                 -0.33072177   -0.45332489    0.94008511 
 C                 -0.55155638   -0.75954864   -1.20914547 
 H                 -1.64766316   -0.71323096   -1.20213657 
 H                 -0.22633609   -0.27215147   -2.13391611 
 C                 -0.11378952   -2.22931080   -1.24833948 
 H                 -0.44032742   -2.72996605   -0.32360489 
 H                  0.98174656   -2.28270476   -1.24551825 
 C                 -0.65367227   -2.99010059   -2.44193978 
 H                 -0.15902901   -2.38929826   -3.48707759 
 H                 -0.31408594   -4.02401261   -2.51813437 
 H                 -1.73610307   -2.92194883   -2.57054595 
 H                  0.80062553   -2.68843005   -4.97107944 
 N                  0.30043433   -1.87566924   -4.59409346 




 C                  0.00000000    0.00000000    0.00000000 
 H                  1.09476806    0.00000000    0.00000000 
 H                 -0.33139967    1.04170456    0.00000000 
 H                 -0.33903812   -0.46343157    0.92961930 
 C                 -0.55191953   -0.75754023   -1.21119405 
 H                 -1.64760915   -0.71342019   -1.20517421 
 H                 -0.23496466   -0.25598038   -2.13829788 
 C                 -0.11508511   -2.21130653   -1.26863671 
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 H                 -0.57043156   -2.70955386   -0.17887455 
 H                  0.96951074   -2.32067510   -1.16578100 
 C                 -0.67032112   -3.02785285   -2.41928259 
 H                 -0.32620591   -2.63287667   -3.38395812 
 H                 -0.35473761   -4.07328517   -2.36403233 
 H                 -1.76455597   -3.00419867   -2.43204780 
 H                 -1.41330916   -4.15220395    0.52261857 
 N                 -1.00997184   -3.30345969    0.93539703 




 C                 -1.38880900   -1.20823500   -0.19202300 
 C                 -2.10780100   -0.03061400    0.02363500 
 C                 -1.43031500    1.19997900    0.03046000 
 C                 -0.06442700    1.25242700   -0.14980500 
 C                  0.72113400    0.05656300   -0.27531700 
 C                 -0.01521400   -1.16821900   -0.37567400 
 H                 -1.90887300   -2.15896000   -0.23794700 
 H                 -3.18242900   -0.06222400    0.15977700 
 H                 -1.99017300    2.12017500    0.15910000 
 H                  0.45014300    2.20708700   -0.15651500 
 H                  0.53073000   -2.08320500   -0.58380900 
 C                  2.08709000    0.15095300   -0.92454000 
 H                  2.66861100   -0.75724700   -0.75313700 
 H                  1.98003500    0.28601500   -2.00589200 
 H                  2.64779100    0.99207900   -0.51714500 
 H                  1.57307300   -1.14245100    1.64546100 
 N                  1.41297000   -0.12792300    1.61965800 




 C                 -1.56108000   -1.12752300    0.38930700 
 C                 -2.00707800    0.09766100   -0.11116000 
 C                 -1.09780800    0.99347400   -0.65293300 
 C                  0.29815900    0.71690200   -0.62306300 
 C                  0.73536500   -0.58408600   -0.20092800 
 C                 -0.19805500   -1.45822200    0.32898000 
 H                 -2.26892400   -1.83588900    0.80445000 
 H                 -3.06466600    0.33681000   -0.09968700 
 H                 -1.44100900    1.92786300   -1.08363700 
 H                  0.94673600    1.27054700   -1.29161900 
 H                  0.12999000   -2.42767400    0.69076400 
 C                  2.19950200   -0.90797200   -0.26651800 
 H                  2.40922700   -1.91354400    0.10311600 
 H                  2.57722500   -0.83612100   -1.29219300 
 H                  2.75993200   -0.18395500    0.33417000 
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 H                  0.37505800    1.48386000    1.64406300 
 N                  0.97882400    1.86452000    0.90676700 




 C                  0.32407800    1.76263900    0.15912700 
 C                  1.36224000    1.03207300   -0.38045200 
 C                  1.17488000   -0.34860700   -0.69547400 
 C                 -0.14956200   -0.87219500   -0.61110300 
 C                 -1.19326200   -0.13690900   -0.06024900 
 C                 -0.94357800    1.18653700    0.33436500 
 H                  0.47967900    2.80067800    0.43299600 
 H                  2.33979800    1.47638200   -0.52259900 
 H                  1.87089900   -0.81524500   -1.38037000 
 H                 -0.33515400   -1.88136900   -0.96579800 
 H                 -1.74855900    1.78015500    0.75513500 
 C                 -2.56784800   -0.74067800    0.10565200 
 H                 -2.73755500   -1.05510000    1.14121700 
 H                 -3.35190200   -0.02265300   -0.14827600 
 H                 -2.69541400   -1.61954100   -0.52994800 
 H                  1.58792100   -0.85398800    1.59581900 
 N                  2.12204300   -1.27211200    0.82554600 




 C                 -0.72824900   -1.17044500   -0.56324100 
 C                 -1.44013900    0.06188800   -0.62274300 
 C                 -0.67316300    1.26105700   -0.49267100 
 C                  0.65733600    1.20902400   -0.14102400 
 C                  1.32932900   -0.02095800    0.02935200 
 C                  0.61031100   -1.20133300   -0.20156200 
 H                 -1.25103000   -2.09539600   -0.78153700 
 H                 -2.36686000    0.10410700   -1.17972600 
 H                 -1.16866800    2.21534100   -0.62593100 
 H                  1.21172000    2.13372800   -0.01115300 
 H                  1.11967300   -2.15656200   -0.12042200 
 C                  2.77951100   -0.05176900    0.43694400 
 H                  3.21484500   -1.04218200    0.28886000 
 H                  3.37027600    0.66809000   -0.13736400 
 H                  2.90014800    0.20700200    1.49527500 
 H                 -1.73920800    0.03267800    1.74427300 
 N                 -2.52512500    0.04891000    1.08442900 
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 C                 -1.38880900   -1.20823500   -0.19202300 
 C                 -2.10780100   -0.03061400    0.02363500 
 C                 -1.43031500    1.19997900    0.03046000 
 C                 -0.06442700    1.25242700   -0.14980500 
 C                  0.72113400    0.05656300   -0.27531700 
 C                 -0.01521400   -1.16821900   -0.37567400 
 H                 -1.90887300   -2.15896000   -0.23794700 
 H                 -3.18242900   -0.06222400    0.15977700 
 H                 -1.99017300    2.12017500    0.15910000 
 H                  0.45014300    2.20708700   -0.15651500 
 H                  0.53073000   -2.08320500   -0.58380900 
 C                  2.08709000    0.15095300   -0.92454000 
 H                  2.66861100   -0.75724700   -0.75313700 
 H                  1.98003500    0.28601500   -2.00589200 
 H                  2.64779100    0.99207900   -0.51714500 
 H                  1.57307300   -1.14245100    1.64546100 
 N                  1.41297000   -0.12792300    1.61965800 




 C                  1.64379200   -1.45615100   -0.32178400 
 C                  2.26140800   -0.46872400    0.44928200 
 C                  1.52371400    0.61379800    0.90312000 
 C                  0.16254400    0.77833200    0.51767600 
 C                 -0.48951000   -0.29187400   -0.18480000 
 C                  0.27543000   -1.36082700   -0.62023400 
 H                  2.21389500   -2.30868300   -0.67297500 
 H                  3.30951700   -0.56033500    0.71182100 
 H                  1.98653600    1.36392600    1.53525800 
 H                 -0.45601300    1.45030200    1.09989000 
 H                 -0.19937600   -2.15113900   -1.19366700 
 C                 -1.96148400   -0.18009500   -0.48640000 
 H                 -2.23229600   -0.92207800   -1.24369400 
 H                 -2.13947500    0.80804800   -0.92489600 
 H                  0.86646400    1.69866300   -1.57575800 
 N                  0.24851700    2.19699700   -0.92557100 
 H                  0.88789400    2.85292800   -0.46089900 
 C                 -2.86374600   -0.36426000    0.74691300 
 H                 -2.64243600    0.37670100    1.51976500 
 H                 -3.91664200   -0.25258500    0.47381300 




 C                  1.35527800    1.63424600    0.04951700 
 C                  2.01618900    0.53823900   -0.48809200 
 C                  1.31701500   -0.68466100   -0.69091800 
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 C                 -0.10295300   -0.68231200   -0.51221600 
 C                 -0.76219600    0.41134200    0.01455400 
 C                 -0.01226500    1.57374000    0.31020500 
 H                  1.90006300    2.55131300    0.24651500 
 H                  3.07099600    0.59766900   -0.73219400 
 H                  1.73872700   -1.41983300   -1.36410300 
 H                 -0.64277000   -1.58907200   -0.75245500 
 H                 -0.51947800    2.44025600    0.72278300 
 C                 -2.25916800    0.43165200    0.27436100 
 H                 -2.41674500    0.62563100    1.34253200 
 H                 -2.68385300    1.29969900   -0.24398500 
 H                  1.59443900   -1.22005400    1.61642900 
 N                  1.95292900   -1.81372400    0.85990200 
 H                  2.95067200   -1.56890900    0.83487600 
 C                 -3.03892100   -0.82150500   -0.12562700 
 H                 -2.69141500   -1.70450600    0.41728600 
 H                 -4.10078300   -0.69287100    0.09789900 




 C                 -0.99215200   -1.15460000   -0.62943100 
 C                 -1.91403800   -0.07101300   -0.59504100 
 C                 -1.36658400    1.23821500   -0.41891600 
 C                 -0.03568400    1.40494600   -0.11349400 
 C                  0.85460000    0.30907900   -0.03457400 
 C                  0.34652500   -0.96618100   -0.31083000 
 H                 -1.35035500   -2.14624700   -0.88434000 
 H                 -2.85579100   -0.16732700   -1.11917400 
 H                 -2.02779000    2.09444500   -0.47947500 
 H                  0.35152100    2.40603600    0.05354300 
 H                  1.00810100   -1.82413800   -0.30369400 
 C                  2.30390300    0.56548800    0.32889000 
 H                  2.66461300    1.40630100   -0.27583000 
 H                  2.34249200    0.92127200    1.36707400 
 H                 -2.10268600   -0.27748500    1.77338100 
 N                 -2.90667800   -0.36658300    1.14176800 
 H                 -3.02932800   -1.38470500    1.07518400 
 C                  3.26691400   -0.61313600    0.17281000 
 H                  4.28358300   -0.30707800    0.43094200 
 H                  2.99931200   -1.44600200    0.82864500 
 H                  3.28217100   -0.98578200   -0.85511700 
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Table S5.1. Thermodynamic data for each species appearing in this study.  Values of heat 




 and energy values in kJ mol
-1
. 














300 103.9 327.9 50.0 120.8 
400 140.3 362.8 43.4 145.4 
500 172.0 397.6 38.1 171.6 
600 198.0 431.4 33.9 198.7 
700 219.2 463.5 30.6 226.4 
800 236.6 494.0 28.2 254.6 
900 251.0 522.7 26.4 283.0 
1000 263.1 549.8 25.3 311.5 
1100 273.5 575.4 24.6 340.2 
1200 282.3 599.5 24.3 369.0 
1300 289.9 622.4 24.4 397.6 
1400 296.4 644.2 24.6 426.4 
1500 302.1 664.8 25.1 455.0 
1600 307.0 684.5 25.7 483.7 
1700 311.2 703.2 26.5 512.3 
1800 315.0 721.1 27.2 540.8 
1900 318.2 738.2 28.1 569.4 
2000 321.2 754.6 28.9 597.8 














Gibbs energy of 
formation 
300 105.3 324.3 207.2 109.9 
400 139.8 359.4 219.5 75.7 
500 168.6 393.8 235.0 38.1 
600 191.6 426.7 253.0 -3.0 
700 210.2 457.6 273.1 -47.2 
800 225.4 486.7 294.9 -94.4 
900 238.1 514.0 318.1 -144.5 
1000 249.0 539.7 342.5 -197.2 
1100 258.2 563.9 367.9 -252.4 
1200 266.1 586.7 394.1 -309.9 
1300 273.0 608.3 421.1 -369.7 
1400 279.0 628.7 448.7 -431.5 
1500 284.2 648.1 476.8 -495.4 
1600 288.7 666.6 505.5 -561.1 
1700 292.7 684.3 534.6 -628.7 
1800 296.2 701.1 564.0 -698.0 
1900 299.2 717.2 593.8 -768.9 
2000 302.0 732.6 623.8 -841.4 
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Gibbs energy of 
formation 
300 125.9 364.5 29.6 130.3 
400 167.7 406.5 21.6 165.1 
500 204.5 448.0 15.1 201.7 
600 235.2 488.1 9.9 239.5 
700 260.5 526.3 5.9 278.2 
800 281.6 562.5 2.9 317.3 
900 299.5 596.7 0.9 356.7 
1000 314.7 629.1 -0.4 396.3 
1100 327.7 659.7 -0.9 436.0 
1200 339.0 688.7 -1.0 475.7 
1300 348.6 716.2 -0.5 515.4 
1400 357.1 742.4 0.2 555.1 
1500 364.4 767.3 1.3 594.7 
1600 370.7 791.0 2.6 634.2 
1700 376.3 813.7 4.1 673.6 
1800 381.2 835.3 5.7 713.0 
1900 385.5 856.0 489.0 7.4 
2000 389.3 875.9 527.8 9.1 
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Gibbs energy of 
formation 
300 129.6 373.5 234.4 312.8 
400 169.2 416.3 228.2 339.9 
500 203.3 457.8 223.1 368.4 
600 231.2 497.5 219.1 397.8 
700 253.9 534.9 216.0 427.9 
800 272.7 570.0 213.7 458.3 
900 288.6 603.1 212.2 489.0 
1000 302.1 634.2 211.3 519.8 
1100 313.7 663.6 210.9 550.7 
1200 323.6 691.3 210.9 581.6 
1300 332.3 717.5 211.3 612.4 
1400 339.8 742.4 212.0 643.3 
1500 346.3 766.1 212.9 674.0 
1600 352.0 788.7 214.0 704.7 
1700 357.0 810.1 215.2 735.4 
1800 361.4 830.7 216.5 765.9 
1900 365.2 850.3 217.9 796.4 
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Gibbs energy of 
formation 
300 127.3 364.2 173.6 254.7 
400 167.0 406.3 167.1 282.8 
500 201.3 447.4 161.8 312.3 
600 229.4 486.7 157.6 342.8 
700 252.5 523.8 154.4 374.0 
800 271.6 558.8 152.0 405.5 
900 287.7 591.8 150.3 437.3 
1000 301.4 622.8 149.3 469.2 
1100 313.1 652.1 148.9 501.3 
1200 323.2 679.8 148.9 533.3 
1300 332.0 706.0 149.2 565.3 
1400 339.5 730.9 149.9 597.3 
1500 346.1 754.6 150.8 629.2 
1600 351.8 777.1 151.9 661.1 
1700 356.9 798.6 153.0 692.9 
1800 361.3 819.1 154.3 724.6 
1900 365.2 838.7 155.7 756.3 

















Gibbs energy of 
formation 
300 146.6 396.7 7.1 139.0 
400 194.9 445.5 -2.4 184.5 
500 237.9 493.7 -10.2 232.2 
600 273.8 540.4 -16.3 281.2 
700 303.6 584.9 -20.9 331.2 
800 328.6 627.1 -24.3 381.8 
900 349.7 667.1 -26.4 432.7 
1000 367.7 704.9 -27.6 483.7 
1100 383.2 740.7 -28.0 534.9 
1200 396.5 774.6 -27.7 586.1 
1300 408.0 806.8 -26.8 637.2 
1400 418.0 837.4 -25.5 688.2 
1500 426.6 866.6 -23.9 739.1 
1600 434.2 894.3 -21.9 789.9 
1700 440.8 920.9 -19.8 840.6 
1800 446.6 946.2 -17.5 891.2 
1900 451.7 970.5 -15.1 941.6 




Chapter 11 ‒ Supplementary Document 
378 
 










Gibbs energy of 
formation 
300 150.5 406.6 0.3 319.0 
400 196.7 456.3 17.4 356.7 
500 236.9 504.6 39.1 396.1 
600 270.0 550.9 64.7 436.7 
700 297.2 594.6 93.6 478.0 
800 319.8 635.8 125.3 519.8 
900 338.9 674.6 159.2 561.8 
1000 355.1 711.2 195.1 603.9 
1100 369.1 745.7 232.7 646.2 
1200 381.2 778.3 271.7 688.4 
1300 391.6 809.3 311.9 730.5 
1400 400.6 838.6 353.2 772.6 
1500 408.5 866.5 395.5 814.6 
1600 415.4 893.1 438.5 856.5 
1700 421.4 918.5 482.3 898.3 
1800 426.7 942.7 191.2 939.9 
1900 431.4 965.9 193.3 981.5 
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Gibbs energy of 
formation 
300 149.9 412.4 204.6 312.3 
400 195.5 461.9 196.8 349.3 
500 235.6 509.9 190.4 388.3 
600 268.9 555.9 185.4 428.3 
700 296.4 599.5 181.6 469.1 
800 319.3 640.6 178.9 510.4 
900 338.6 679.4 177.2 551.9 
1000 355.1 715.9 176.3 593.6 
1100 369.2 750.4 176.1 635.4 
1200 381.4 783.1 176.5 677.1 
1300 391.9 814.1 177.4 718.8 
1400 401.0 843.4 178.6 760.4 
1500 408.9 871.4 180.1 801.9 
1600 415.8 898.0 181.9 843.3 
1700 421.8 923.4 183.8 884.6 
1800 427.1 947.6 185.8 925.7 
1900 431.7 970.9 188.0 966.8 
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Gibbs energy of 
formation 
300 147.5 398.2 147.5 259.4 
400 193.9 447.1 139.5 298.0 
500 234.4 494.8 133.0 338.4 
600 267.9 540.6 127.8 380.0 
700 295.5 584.1 124.0 422.3 
800 318.5 625.1 121.2 465.1 
900 337.8 663.7 119.4 508.2 
1000 354.4 700.2 118.4 551.5 
1100 368.5 734.7 118.2 594.8 
1200 380.7 767.3 118.5 638.1 
1300 391.2 798.2 119.3 681.4 
1400 400.4 827.5 120.5 724.6 
1500 408.3 855.4 121.9 767.7 
1600 415.2 882.0 123.6 810.7 
1700 421.3 907.3 125.5 853.6 
1800 426.6 931.6 127.5 896.3 
1900 431.3 954.8 129.6 939.0 
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Gibbs energy of 
formation 
300 33.6 204.5 190.4 129.1 
400 34.3 214.3 193.8 108.1 
500 35.4 222.0 197.3 86.3 
600 36.6 228.6 200.9 63.8 
700 37.9 234.3 204.6 40.6 
800 39.3 239.5 208.5 16.9 
900 40.6 244.2 212.5 -7.3 
1000 42.0 248.5 216.6 -31.9 
1100 43.3 252.6 220.9 -57.0 
1200 44.5 256.4 225.3 -82.4 
1300 45.7 260.0 229.8 -108.2 
1400 46.7 263.4 234.4 -134.4 
1500 47.6 266.7 239.1 -160.9 
1600 48.5 269.8 243.9 -187.7 
1700 49.3 272.7 248.8 -214.9 
1800 50.0 275.6 253.8 -242.3 
1900 50.6 278.3 258.8 -270.0 

















Gibbs energy of 
formation 
300 34.9 211.3 -49.4 -112.8 
400 37.4 221.7 -45.8 -134.5 
500 40.5 230.4 -41.9 -157.1 
600 43.5 238.0 -37.7 -180.5 
700 46.5 244.9 -33.2 -204.7 
800 49.3 251.3 -28.4 -229.5 
900 52.0 257.3 -23.4 -254.9 
1000 54.6 262.9 -18.0 -281.0 
1100 56.9 268.2 -12.5 -307.5 
1200 59.1 273.3 -6.7 -334.6 
1300 61.1 278.1 -0.6 -362.2 
1400 63.0 282.7 5.6 -390.2 
1500 64.6 287.1 11.9 -418.7 
1600 66.2 291.3 18.5 -447.6 
1700 67.5 295.4 25.2 -477.0 
1800 68.7 299.3 32.0 -506.7 
1900 69.8 303.0 38.9 -536.8 
2000 70.8 306.6 46.0 -567.3 
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Table S2.  Calculated standard reaction enthalpies of Reaction R1-R6.  All values in italic are 
experimental standard heat of formation of individual species from the cited literature and in 
unit of kJ mol
-1
. 


































































Standard reaction enthalpies of R1-R6 based on the experimental standard heat of formation 
of the species involved in each reaction. 
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Appendix III:  Supplementary Information for Chapter 6 





























































































































Figure S6.1.  Arrhenius plots showing rate constant of H abstraction of C1‒C4 alkane with 
NO2 forming (a) trans-HONO, (b) cis-HONO and (c) iso-HNO2 isomers. 
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Figure S6.2.  Arrhenius plots showing rate constant of H abstraction of C2‒C4 alkene with 
NO2 forming (a) trans-HONO, (b) cis-HONO and (c) iso-HNO2 isomers. 
 





































Figure S6.3.  Arrhenius plots showing rate constant of H abstraction of ethylbenzene with 
NO2 forming trans-HONO, cis-HONO, and iso-HNO
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